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I, John K. Buolamwini, declare as follows; 



My credentials have been provided in my previous Declarations. 



I understand that the Examiner holds the opinion that my June 29, 2009 Declaration was 
unconvincing because "there is no assertion as to what was known at the time of filing" and 
instead "is directed to what is now known". 



This is inaccurate. In each of my June 29, 2009 and October 10, 2008 Declarations, I 
specifically noted the requirement that, for what I asserted was known, the relevant date of this 
knowledge was the filing date of the application: 

I understand that the Examiner holds the opinion that the specification does not 
disclose sufficient information so that one skilled in the art can reasonably 
conclude that the inventor had possession of the claimed invention at the time 
the application was filed , which is referred to as the "written description" 
requirement in the Office Action, (emphasis added) 

I now reassert that the "required function" for the "E" portion of the formula is targeting, 
and that any compound that targets the claimed formula to a tissue or site containing a bombesin 
receptor, and hence that can be photoactivated at that site to effect therapy, meets the claimed 
limitation. A person of ordinary skill in this art, for example, a medicinal chemist, would have 
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known or could easily find, at the time the parent application, of which this application is a 
Division, was filed on January 19, 2001 , the identity, characteristics, etc. of such molecules that 
bind the bombesin receptor. In the claims, such molecules are referred to as a "receptor binding 
molecules". I have described examples of such molecules on p. 3 of my October 10, 2008 
Declaration. I understand that what is generally known in the art need not be detailed in the 
application. 

In my opinion. Applicants' description of "bombesin (or other) receptor binding molecules" 

would have allowed me, at the time the application was filed, to quickly envisage compounds that 

would fit the definition of E in the claimed formula. It provides me with the identity of compounds 

that have the required structure, and it provides me with a "link" to distinguish those compounds 

that will target the compound to a bombesin-receptor, from those compounds that will not target 

the compound to a bombesin receptor. Thus, their use of the term "bombesin receptor binding 

molecules" indicates to me that the inventors were in possession of compounds that target and 

bind to the bombesin receptor at the time they filed the parent application. I stated this in another 

way in my October 10, 2008 Declaration, with new emphasis added to note the fact that I did 

address what was known at the time of the invention: 

I assert that the structure of the targeting group was sufficiently definite at the 
time of the invention . As a medicinal chemist who makes molecules that bind 
primarily to receptors or enzymes, 1 cannot immediately profane a molecule that 
binds to a receptor unless I have seen that molecule described as a ligand for the 
receptor, or I myself have made such a molecule. In the former case I can 
propose a potential ligand that will be a derivative or analog of an already known 
molecule. That does not mean that the molecule does not exist, however, and it 
does not mean that I cannot, by a single literature search, uncover it. It is 
reasonable that a chemist or medicinal chemist will perform a literature search to find a 
molecule that will bind a receptor. I assert that a bombesin receptor binding 
molecule is an art-recognized structural term. When one hears these as a 
medicinal chemist, one can envision such molecules [or identify them by a quick 
literature search]. For example, E could be an antibody or part of a monoclonal 
antibody-FAB fragment, there are methods for linking antibodies to other 
compounds, etc. (see Zhou et al., Clin. Cancer Res. 9 (2003) 4953). 

To substantiate my opinion, my previous Declaration listed compounds that I would have 

known, at the time the application was filed, would bind the bombesin receptor, and thus fit the 

description of a "bombesin receptor binding molecule" These provided several such compounds, 

and I noted a review by Jensen et al., Pharmacol. Rev. 60 ((2008) 1-42. The 2008 review cited 

numerous references, only a few of which I have listed below (emphasis added and internal 

citations omitted), and attach to this Declaration, that predate the January 19, 2001 filing date of 

the parent of the pending application that support my assertion, e.g., 

Benya et al., 1995b, Expression and characterization of cloned human bombesin 
receptors. Mol. Pharmacol 47:10-20. 

The human BB1 receptor as well as the rat BB1 receptor has a > 100-fold higher 
affinity for NMB than for GRP (cited at Jensen p. 7, section E). 
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Both the human and rat BB1 receptors are rapidly internalized with receptor 
activation of the BB1 receptor (cited at Jensen p. 10 bottom right column, internal 
citations omitted). 

... fGRP] had greater seiectivitv than bombesin analogs for the BB2 over the 
BB1 ...With the development of selective BB2 receptor antagonists and the 
increased use of BB2 selective ligands such as GRP . it became clear that a 
separate GRP-preferring receptor existed , even before the cloning of the mouse 
and human BB2 receptor in the early 1990s (cited at Jensen p. 12 bridging 
columns and top right column, internal citations omitted). 

The human BB2 receptor and the rat, mouse, and guinea pig BB2 receptors have 
>50-fold higher affinity for GRP than for NMB (Fig. 2) (cited at Jensen p. 14 
Section E). 

Subsequent studies [to Coy's pseudopeptide studies] demonstrated that this Il£ 
13-14 bombesinl analog had 50- to 100-fold higher seiectivitv for the BB2 
receptor in human or rat than the BB1 receptor (cited at Jensen p. 1 5 bottom 

right column). 

A number of these [[desMet^''lBn or [desMet^^lGRPI analogs have high potency 
for the BB2 receptor in all species studied and have high selectivity for the BB2 
over the BB1 receptor . Two widely used antagonists in this class are [D- 
Phe'^lBns.ia methyl ester or its analogs and /\c-A/-GRP7n-7fi ethyl ester with each 
having high affinity for the BB2 receptor (K| 2-5 nM) ... (cited at Jensen p. 16 
middle right column). 

rP-pentafluoro-Phe^. D-Ala"lBnR.i3 methyl ester not only retained high affinity for 
the BB2 receptor (Kj human BB2 0.9 nM; rat BB2 5 nM) but it also had >400- to 
10.000-fold selectivity for the BB2 over the BB1 receptor in rat and human and 
15-fold longer duration of action in vivo (Fig. 1). 

Coy et a!., (1988) Probing peptide backbone function in bombesin, a reduced 
peptide bond analogue with potent and specific receptor antagonist activity. J. 
Biol. Chem 263:5056-5060. 

Binding studies and the development of highly selective antagonists established 
unequivocally the existence of two different classes of receptors in mammalian 
tissues mediating the actions of these peptides (cited at Jensen p. 4, bottom left 
column). 

In 1988 Coy and coworkers reported a new class of BB2 receptor antagonists by 
substituting pseudopeptide bonds ('+' bonds) (i.e., each CONH group one at a 
time replaced by CH2NH) into the COOH terminus of bombesin, a strategy that 
had been used successfully to make antagonists for gastrin, secretin, and 
substance P (Fig. 1; Table 2). Two of the pseudopeptides were antagonists with 
the 4^ 13-14 analogs having a higher affinity than the 9-10 bond analog. This 
13-14 bombesin analog was the first bombesin receptor antagonist described 
with an affinity <0.1 uM (cited at Jensen p. 15 bottom left column). 

This [M^ 13-14 bombesin analog! antagonist was shown to inhibit a number of 
BB2 receptor-stimulated processes including bombesin-stimulated enzyme 
secretion from isolated acini and growth of Swiss 3T3 cells as well as of various 
small cell lung cancer cell lines (cited at Jensen p. 15 bottom right column). 
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de Castiglione and Gozzini (1996) Bombesin receptor antagonists. Crit. Rev. 
Oncol. Hematol. 23:117-151. 

Whereas the search for high-affinity receptor antagonists for the BB2 receptor 
has been very successful .... (cited at Jensen p. 7, section E.2. bottom right 
column) 

There have been a large number of different compounds reported to function as 
BB2 receptor antagonists . They can be divided into six general classes of BB2 
receptor antagonists (cited at Jensen p. 15 bridging columns). 

The fourth class of BB2 receptor antagonists are all fdesMet^^lBn or 

fdesMet^'lGRP analogs ... 



Eden et al., (1996) PD 1659 - the first high affinity non-peptide neuromedin-B 
(NIVIB) receptor selective antagonist. Bioorg Med Chem 6:2617-2622 

Peptide antagonists of BB1 have been described, including PD 165929 and PD 
168368 . which have high affinity and selectivity for BB1 (cited at Jensen p. 15, 
left column, section 2.a.). 

Frucht et al., (1992) Characterization of functional receptors for gastrointestinal 
hormones on human colon cancer cells. Cancer Res 52:1114-1122. 

Bombesin and various frog peptides, including ranatensin , litorin , PG-L , and 
[Phe^^l bombesin also have hioh affinities for the BB2 receptor , whereas other 
frog peptides such as phvllolitorin . rLeu81 phvllolitorin . fSer . Arg^°. Phe^^]- 
bombesin and Xenoous NMB have low affinities for this receptor (cited at Jensen 
bridging pp. 14-15). 



Regarding my previous Declaration, the Examiner states that my 
assertion that the skilled artisan would know or can easily find the identity, 
characteristics, etc of such molecules that target the bombesin receptor seems to 
be rebutted by the art submitted which antedate the application priority date, 
where at pg 33 last paragraph of the art, the Authors note unresolved issues 
including knowing what the structure of the natural ligand of the BBS receptor is 
and even question whether an equivalence to the frog BBS exists in humans and 
mammals. Where it is unclear what receptors exist, it is unclear how one can 
immediately envision targeting molecules for that general class of receptors. 

I respectfully disagree. The section to which the Examiner refers is "Unresolved 
Nomenclature Issues". The first sentence, "The principal unresolved issue is that the natural 
ligand of the BBS receptor remains unknown, and therefore its pharmacology and roles in normal 
physiology or pathological process is unknown", encompasses only one type of bombesin 
receptor (i.e., BBS). Because the article covers other types of bombesin receptors (e.g., BB1 and 
BB2), the lack of knowledge of the natural ligand for one type of receptor does not alter my 
position. The fact is that receptors that bind bombesin in human tissues and cells such as 3T3 
cells, small cell lung cancer cells and breast cancer cells were known to exist, as well as 



Page 4 of 8 



molecules that bound to those receptors, at the time the application was filed (Castiglione and 

Gozzini, Crit. Rev. Oncol. Hematol. 23 (1996) 117-151. 

The Examiner's reference to the article's questioning "whether an equivalence to the frog 

BBS exists in humans and mammals" also does not alter my position. Quoting from p. 33: 

Another unresolved issue is whether a receptor equivalent to the frog BB4 [not 
BBS] exists in human and mammals. Two studies have sought additional 
members of the bombesin receptor family, and none were found in mammals. 

The fact that BB4 may not exist in human and mammals, and that further " additional members" 

may or may not exist in mammals, does not negate the presence of other bombesin receptor 

binding compounds for, e.g., BB1 , BB2, and BBS. In my opinion, even "where it is unclear what 

receptors exist", as the Examiner states, is not an accurate representation of the authors' 

statement. The title of the review is "Mammalian Bombesin Receptors: Nomenclature, 

Distribution, Pharmacology, Signaling, and Functions in Normal and Disease States". In my 

opinion, the authors in the last section are noting, in the midst of myriad known facts about the 

bombesin receptor, some specific unresolved issues. 

I understand the Examiner questions other terms of the pending claims which he states 

are not described, namely, somatostatin receptor binding molecules, ST receptor binding 

molecules, neurotensin receptor binding molecules, carbohydrate receptor binding molecules, 

steroid receptor binding molecule, and CCK receptor binding molecules. The Examiner states 

that, with respect to these binding molecules: 

...the claims are directed to functional limitations with no structural description 
which might lead one of skill in the art to believe Applicant's [sic] were in 
possession of the genus instantly claimed. 

I respectfully disagree, and provide support for my opinion that the inventors were in possession 
of the claimed method because binding molecules for each of these receptors were known as of 
January 1 9, 2001 , the date the parent of the present application was filed. All references I cite 
are attached. 

Somatostatin receptor binding molecules include somatostatin and somatostatin receptor 
analogs, octreotide, glycosylated somatostatin-14 (somatostatin-dextran^°), seglitide, peptides 
P587 and P829 (Vallabhajosula et al., J. Nuclear Med., 37 (1996) 1016). 

ST receptor binding molecules include heat stable enterotoxin (ST) (Kuno, J. Biol Chem. 
261 (1986) 1470; SEQ ID N0S.:2, S, 4, 5, and 12 from Waldman U.S. Patent No. 5,518,888; and 
guanylin (Currie et al., Proc. Natl. Acad. Sci. USA, 89 (1992) 947. 

Neurotensin receptor binding molecules include neurotensin, neuromedin N, JMV449 (H- 
Lysv|;(CH2NH)-Lys-Pro-Tyr-lle-Leu), the non-peptide antagonist SR142948A (2-([5-(2,6- 
dimethoxyphenyl)-1-(4-(A/-[3-dimethylaminopropyl]-A/-methylcarbamoyl)-2-isopropyiphenyl)-1H- 
pyrazole-3-carbonyl)amino)adamantine-2-carboxylicacid hydrochloride) (Betancuretal., Eur. J. 
Pharmacol. 343 (1998) 67, SR 48692 (2-[1-(7-chloro-4-quinolinyl)-5-(2,6- 
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dimethoxyphenyl)pyrazol-3-yl)carbonylamino]tricycle[3.3.1.1.^ '']decan-2-carboxylic acid) (Gully et 
al., Biochem. Pharmacol. Proc. Natl. Acad. Sci. USA 90 (1993) 65) and levocobastine (Kitabgi et 
al. Eur. J. Pharmacol. 140 (1987) 285). There are neurotensin receptor binding kits to evaluate 
potential neurotensin receptor binding compounds (e.g., DELFIA Neurotensin Receptor Binding 
Kit, PerkinElmer (Boston MA)). 

One example of a carbohydrate receptor is a glucose receptor. The glucose conjugate 
N-palmitoyI glucosamine [NPG] was known to bind the glucose receptor (Dufes et al., Pharm. 
Res. 17 (2000) 1250). The glycoprotein hormone receptor is another example of a carbohydrate 
receptor to which carbohydrate receptor binding molecules bind. Follicle stimulating hormone 
(FSH) is known to bind the glycoprotein hormone receptor (Tilly et al.. Endocrinology 131 (1992) 
799). Other compounds known to bind the carbohydrate receptor, and hence examples of 
carbohydrate receptor binding molecules, are polysialic acid, bacterial adhesins (specialized 
surface proteins that mediate binding of many pathogenic bacteria, such as enterohemorrhagic E. 
coli (EHEC) and Shigella dysenteria, to host cells, which allows these bacteria to colonize host 
cell surfaces), soluble carbohydrate receptor analogs, artificial glycopolymers and other 
multivalent glycoconjugates such as an acrylamide copolymer carrying -L-fucopyranoside and 3- 
sulfo-D-galactopyranoside in clusters, isomeric carbohydrates, synthetic derivatives, 
neoglycoproteins, neoglycolipids, glycosidases, and glycosyltransferases. Carbohydrate binding 
proteins can be screened with phage display libraries. 

One example of a steroid receptor is an estrogen receptor. The following compounds 
were known to bind to the estrogen receptor as of January 1 9, 2001 ; estratriol, 1 7p- 
aminoestrogen (AE) derivatives such as prolame and butolame; drugs such as tamoxifen, 101- 
164384, raloxifene, genistein; 17p-estradiol; glucocorticoids, progesterone, estrogens, retinoids, 
fatty acid derivatives, phytoestrogens, etc. Commercially available kits identify compounds 
specific for binding to the estrogen receptor (e.g.. Estrogen Receptor-alpha Competitor Assay Kit, 
Red; Estrogen Receptor-beta Competitor Assay Kit, Red (Invitrogen Corp., Carlsbad CA). 

Cholecystokinin receptor binding molecules include the endogenous peptides 
cholecystokinin (CCK)-4, CCK-8, CCK-33, and gastrin; antagonists devazepide and lorglumide 
(Bishop et al., Br. J. Pharmacol. 106 (1992) 61; agonists BC264 [Tyr(S03H)-gNle-mGly-Trp- 
(NMe)Nle-Asp-Phe-NH3] (Ladurelle et al., Brain Res. 628 (1993) 254), and desulfated CCK-8; 
Kinevac (synthetic cholecystekinin, sincalide); and CCK analogues modified at the sulfated 
tyrosyl at position 27. Other benzodiazepine CCK receptor binding molecules have also been 
reported (Semple et al., J. Med. Chem. 40 (1997) 331). 

Finally, in the Office Action at p. 4 ]\2, the Examiner makes the point that the term 
"derives" has been used to modify aromatic and heteroaromatic radicals, and it is unclear how far 
the radicals can be derived and still have sufficient written description. The word "derives" as 
used in that context, to my understanding, refers to the specific chemical structural classes of the 
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aromatic or heteroaromatic radical from which to choose the Ar radical. Thus, the defined 
chemical structural classes from which the aromatic radical is chosen are indicated. The 
essential thing is the extended conjugated systems in these structures that make them 
chromophores and able to absorb light energy from irradiation. As a medicinal chemist, I 
understand to choose an Ar from any of the defined structural classes indicated by the 
designations. 

For at least the reasons I have set forth, I respectfully assert that the inventors were in 
possession of their invention at the time they filed their application and that the claims are 
sufficiently described. 
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I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment or both, under §1 001 of Title 1 8 of the United States Code 
and that such willful false statements may jeopardize the validity of the subject application or any 
patent issued thereon. 



12/23/09 




Date 



John K. Buolamwini, Ph.D. 



752292 
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Expression and Characterization of Cloned Human 
Bombesin Receptors 



RICHARD V. BENYA. TAKASHI KUSU, TAPAS K. PRAOHAN, JAMES F. BATTEY, and ROBERT T. JENSEN 

aguthm OAmbsss Brmch. National /nsNMa of DIebetee and tXgosOw end Kidney DIseasBS ffi.V.B., T.K.. T.K.P.. R.T.J.). and Laboratory 

of BMoglcal Oienriatry. Devalopmental Therapeutics Program, National Cancer umute (J.F.B.). National /nsMutes of Heanti, 

Betheeda, Maryknd 20892 

Received June 6, 1994; Accepted October 20, 1994 



SUMMARY 

Little is known about the phannacology or cefl bk)logy of 
bombesin (Bn) receptors, because they are usually present at 
tow levels and both subtypes are frequently present in the same 
tissues. Human gastrin-releasing peptide (GRP) receptors 
(huGRP-R) and human neuromedin B (NMB) receptors (huNMB- 
R) were stably transfected into BALB/3T3 fibroblasts. Both 
receptor types were glycosylated, with 35% of the huGRP-R 
and 38% of the huNMB-R representing carbohydrate residues. 
The extent of glycosyfatlon of the transfected huGRP-R was the 
same as that seen in the human glioblastoma cell line U-118. 
Radioiabeled agonist ligands were rapidly internalized, whereas 
nonintemalized ligand readily dissociated in a temperature-de- 
pendent fashion. The affinities of various agonists fOr binding to 
the huGRP-R were Bn (K, = 1.4 ± 0.2 niw) = 4 x GRP = 300 x 
NMB. In contrast, affinities for the huNMB-R were NMB {K, = 
8.1 ± 5.2 nM) - 4 X Bn = 600 X GRP. [FrO-Phe«.D-Ala"]Bn(6- 
13)methyl ester was the most potent huGRP-R antagonist, 



whereas D-Nal-Cys-Tyr-o-Trp-Lys-Val-Cys-Nal-NHz was the 
most potent huNMB-R antagonist. Agonist binding to either 
receptor type caused activation of phospholipase C and in- 
creased cellular pH]inositol phosphate levels. GRP was potent 
at increasing pHjinositol phosphate generation in cells express- 
ing the huGRP-R (ECso = 13.6 ± 1.3 nM), whereas NMB was 
similarly potent when acting upon ceHs expressing the huNMB- 
R (ECso = 9.3 ± 1.4 nM). However, neither receptor type, when 
stimulated with agonist, caused an increase in cAMP levels. 
These data show that stably transfected huGRP-R exhibit similar 
phannacology for agonists and antagonists, are appropriately 
glycosylated, and function similarly with respect to ttieir ability to 
alter biological activity, compared witti natively expressed reosp- 
tors. Minimal native huNMB-R data are avaSable for comparison, 
but in general the huNMB-R is similar to tiie rat NMB receptor 
in Its pharmacology and cell biology. 



Bn-related peptides act on diverse tissues, including the 
central nervous system [regiilating satiety (1), thermoregula- 
tion (2), and circadian rhythm (3)] and the gastrointestinal 
tract [regulating pancreatic secretion (4), smooth muscle con- 
tractility (5), and the release of other gastrointestinal peptides 
(6)], and are involved in development (stimulating growth of 
chondrocytes in utero (7) and participating in normal lung 
development (8)]. Bn-related peptides also are involved in the 
regulation of thyrotropin relrase (9) and in immune function 
[stimulating chemotazis and increasing natural killer cell activ- 
ity and antibody-dependent cellular cytozicity (10)] and func- 
tion as potent growth factors for both normal and neoplastic 
tissues (11, 12). 

In mammals the actions of the amphibian p^tides Bn, 
litorin, and ranatensin are mediated by GRP and NMB. By 
pharmacological, functional, and cloning studies, these actions 
are now known to be mediated by two classes of receptors, the 



GRP-R and the NMB-R, which are widely expressed in the 
central nervous system and peripheral tissues (13). Each of 
these receptors is linked to activation of phospholipase C, 
whereas activation of the GRP-R in some cell types also acts 
to mcrease cAMP levels (12, 14). Activation of both receptor 
subtypes results in receptor internalization, down-regulation, 
and desensitization (12, 15). Recently, the huGRP-R and 
huNMB-R have been cloned and sequenced (16). 

Although extensive information is available on the effects of 
this family of peptides in various species, including their pos- 
sible physiological functions and pharmacological actions (11), 
relatively few such studies exist for humans. Recent studies 
show that Bn-related peptides in humans are potent satiety 
factors (17), can stimulate the release of different peptides (6), 
and can function as potent growth factors in various human 
tumors, including human small cell lung cancer cells, breast 
cancer cells, and prostatic adenocarcinoma cells (11, 18, 19). 



ABBREVIATKMS: Bn. bombesin; GRP, gasMweieasing pepdde; NMB, neuromedn B; GRP-fl. gastrin^eieasing peptide receptoc(s); UMM, neuromedn 
B reoeptti^s); huGRP4^, human gastrin- ni l ooa l n g pepttte rBoeploi(s); huNMBR, human neuromedh B tBoeptor(s); PNGase F, peptideW*-<aoetyH3- 
t^uooeaminyQaspafBelne amidase: OSS, dbuocMmidyl suberale; MBS, /n-maleimldobenzoyl^\Miydn»ysuocinirnide; OMEM, Dubecco's modfied essential 
medhjm; cydO'SSccla. D4<aK5ys-Tyr-<>-Trp4.ys-Val<;y9+teH*l2; IP, hoettol phosphates; [C8?*J, kitraoelular calcium c oncentaUuii: SOS. sodfcjm dodecyl 
sUhle; EGfTA. eihyisne fliyod bi8(franinoettiyl ttM^Nfiff/rAstiauxiec add; HEPES. 4^-hydroicyglhyl)-1-plperazineethwe8ulfanlc add. 
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However, little else is known about the action of GRP and 
NMB in humans. Understanding the pharmacological and cel- 
lular bases of action of these peptides and their receptors in 
humans, and not relying on data derived from nonhuman 
animals, is important for a number of reasons. Recent studies 
demonstrate that a number of gastrointestinal peptides may 
have different structure-function relationships in different spe- 
cies, with a given compound functioning as an agonist in one 
species but as an antagonist in another (20); therefore, extrap- 
olation of animal-derived data to human tissues is not always 
conect. Furthermore, existing cell lines expressing human Bn 
receptors usually express both Bn receptor types, thus limiting 
their usefulness for exploring the specific characteristics of 
either the huGRP-R or the huNMB-R. The availability of cells 
possessing a homogeneous population of either huGRP-R or 
huNM6-R would allow their pharmacology, regulation, signal 
transduction properties, and cell biology to be explored. In 
addition, cells expressing such a homogeneous population of 
receptors would be useful for the screening of potential human 
Bn receptor antagonists. 

In the current study we have stably expressed the huGRP-R 
and huNMB-R in murine BALB/3T3 cells, thereby facilitating 
the exploration of their pharmacology as well as the cellular 
basis of their action. We selected BALB/3T3 cells as hosts for 
the huGRP-R and huNMB-R because these cells do not express 
Bn receptors (14, 21) before transfection. Furthermore, recent 
detailed studies have demonstrated that, for both the murine 
GRP-R and the rat NMB-R, stable transfection of these recep- 
tors into this cell line yields receptors that are pharmacologi- 
cally indistinguishable from their natively expressed counter- 
parts (14, 21). 

Experimental Procedures 

Mstorials 

Rat glioblastoma C» cells, human glioblastoma U-118 cells, and 
BALB/3T3 fibroblasts were obtained from the American Type Culture 
Collection (Rockville, MD), Swiss 3T3 fibroblasts were a ^ from Dr. 
John Taylor (Biomeasui«, Medfoid. MA), and DMEM, fetal bovine 
serum, and aminoglycoside G-418 were obtained from GIBCO (Wal- 
tham,MA). 

Bovine serum albumin (fraction V) and HEPES were obtained £tom 
Boehringer Mannheim Biochemicals (Indianapolis, IN); soybean tryp- 
sin inhibitor, EGTA, trypsin, and bacitracin were obtained from Sigma 
Chemical Co. (St. Louis, MO); Bn, GRP, and NMB were obtained from 
Peninsula Laboratories (Belmont, CA); Na'^I was from Amersbam 
(Arlington Heights, XL); myo-[2-'H]ino8itol (16-20 Ci/mmol) and 
cAMP radioimmimoassay reagents were from New En^and Nuclear 
(Boston, MA); Dowex AG 1-X8 anion exchange resin (100-200 mesh, 
formate fonn), SDS. and 2-men»vtoethanol were from Bio-Rad (Rich- 
mond, CA); N^dro-Fluor scintillation fhiid, methanol, acetic acid, and 
hydrochloric acid were from the J. T. Baker Chemical Co. (Phillipsburg, 
NJ); PNGase F was from GemQngne (Cambridge. MA); cholera toxin 
and forskolin were from Calbiochem (San Diego, CA); and MBS and 
DSS were from Pierce Chemical Co. (Rockville, XL). 

Traaafectionof cell lines. BALB/3T3 fibroblasts devoid of GRP- 
R and NMB-R were selected by clonal expansion after assaying for 
GRP-R or NMB-R by RNase protection and binding studies, as de- 
scribed previously (21). These BALB/3T3 cells were stably transfected 
using a full length huGRP-R clone (huGRP-R-transfected cells) (16) 
or using a full length huNMB-R clone (huNMB-R-transfected cells) 
(16). In both cases the receptor was subcloned into a modified version 



of the pCD2 plasmid and transfected using calcium phosphate precip- 
itation. Stable transfectants were isolated in the presence of 800 /ig/ml 
aminoglycoside G-418, identified by binding studies, and then main- 
tained in DMEM containing 10% fetal bovine serum and 270 ;tg/ml G- 
418. Cells were passaged every 3-5 days at confluence by splitting 1:4. 

Preparation of peptides. (o-TVlNMB, [Fj-D-PheVAla"]- 
Bn(6-13)methyl ester, [Leu",*13-14]Bn, and cyclo-SS-octa were syn- 
thesized using solid-phase methods, as described previously. Peptides 
were purified on a 2.5- x 90-cm Sephadex G-26 column, followed by 
elution with a linear gradient consisting of acetonitrile and 0.1% 
trifluoroacetic acid, using an Bldez Chromatrol gradient controller and 
1.5- X 60-cm Vydac Ci, silica (10-16-mm) columns. Peptides were 
fiirther purified by rechromatography on the same column when nec- 
essary, to >97% purity. 

Binding studies. ["»I-D-Tyr»]NMB (2200 Ci/mmol), ""I-GRP 
(2200 Ci/mmol), and ("•I-Tyr'jBn (2000 Ci/mmol) were prepared using 
lodo-Gen and purified using hi^ pressure liquid chroniatagrq>hy, 
according to previously published methods (22). Binding studies were 
performed by suqwnding disaggregated cells in binding buffer contain- 
ing 75 pM levels of either [""I-D-IVINMB or ['»I-TyT*]Bn and 3 x 
10" cells/ml, for 30 min at 22*. Nonsaturable binding of either radio- 
labeled peptide was the amount of radioactivity associated with trans- 
fected cells when the incubation mixture contained either 1 ntl NMB 
or 1 fttt Bn. Nonsaturable binding was <10% of total binding in all 
eq>eriments, and all values in this paper are reported as saturable 
binding. 

Internalization of ['"I-D-Tyr"]NMB or I»"I-Tyr*JBn. Cells 
were disaggregated, washed, and resuspended in binding buffer as 
described above, and then 3 x 10" cells/ml were incubated with 75 pM 
radiolabeled peptide for various times at 4', 22', or 37*. After incuba- 
tion, 100-m1 samples were added to 1.0 ml of 0.2 M acetic acid in 0.6 M 
NaCl, pH 2.5, for 5 min at 4', to remove surface-bound radioligand, as 
described previously (14, 21, 22). In all cases, parallel incubations were 
conducted in the presence of 1 ittt NMB or 1 /tM Bn to determine 
changes in nonsaturable binding. Results are expressed as the percent- 
age of saturably bound radiolabeled peptide that is internalized. 

Crosa-Iiaking of hvGRP-R and huNMB-R. Cell membranes 
were prepared by growing huGRP-R-transfected cells or huNMB-R- 
transfected cells to confluence, washing them once in binding buffer, 
and then resuspending them in homogenization buffer (SO mM Trie, 
pH 7.4, 5 mM MgCls, 0.2 mg/ml soybean trypsin inhibitor, 100 mM 
phenybnethylsulfonyl fluoride). Cells were hmnogenized on ice using a 
Polytron homogenizer (Beckman Instruments, Fullerton, CA) at speed 
6 for 30 sec. The homogenate was then oentriiiiged at 1600 rpm for 10 
min in a Sorval RC-5B Superspeed centrifuge (DuPont, Wilmington, 
DE); the supernatant was ramoved and reoentrifiiged at 20,000 ipm for 
20 min. The pellet was resuqiended in homogenization buffer and 
stored at -70'. 

Cell homogenates were diluted to the concentration of 0.6 mg of 
protein/ml with homogenization buffer supplemented with 0.2% bovine 
serum albumin and 0.1% bacitracin. Aliquots (500 id) were preincu- 
bated with 0.5 nM ["»I-D-Tyr"]NMB or 0.5 nM '"I-GRP at 22', in 1.6- 
ml polypropylene tubes. After a 15-min incubation, the reaction mix- 
ture was centrifiiged at 10,000 x ; for 3 min. The pellet was washed 
twice in 1 ml of cross-linking buffer (60 mM HEPES, pH 7.5, 6 mM 
MgClj) (at 4') and resuspended in 200 /il of cross-linking buffer 
containing 1 mM MBS as the cross-linking agent for huNMB-R or 1 
mM DSS as the cross-linking agent for huGRP-R After cross-linking 
at 22* for 30 min, the reaction was stopped by addition of 26 ^1 of 1 M 
^ycine. After 10 min on ice, the sample was centrifiiged at 10,000 X g 
for 3 min. The supernatant was aspirated and the pellet was resus- 
pended in 100 m1 of 120 mM Tris HCI, pH 6.8. A 6-m1 aliquot of the 
mixture was reserved to determine protein concentration. Cross-linked 
membranes were solubilized by addition of 26 mI of gel loading buffer 
(0.4 M Tris HCI, pH 6.8, 20%, w/v, SDS, 50%, v/v, glycerol, 0.05%, 
w/v, bromphenol blue, 0.5 M ditfaiothreitol) at 22' for 60 min. After 
adjustment of the protein concentration, cell membranes (10 iig of 
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protein/lane) of either type were applied to the gel and were subjected 
to SDS-polyacrylamide gel electn^horesis. For the GRP-R-transfected 
oeU membranes, the Laemmli buffer system (376 mM Tris HCl. pH 
&8, 0.1% SDS, 10% acrylamide, for the gel; 25 mM Tris, 192 mM 
glycine, 0.1% SDS, for electrodes) was used, whereas for the NMB-R- 
transfected cell membranes the Weber and Osbom buffer system was 
used (100 mM sodium phosphate, 0.1% SDS, for the gel (6% acrylamide) 
and the electrodes] as described previously (23). In both cases electro- 
phoresis was carried out at a constant current of 40 mA/geL Gels were 
stained with 0.1% (w/v) Coomassie blue R-260 in 40% (v/v) ethanol/ 
10% <v/v) acetic add and destained with 10% (v/v) ethanol/7.5% 
(v/v) acetic acid After overnight destaining, gels were equilibrated in 
45% (v/v) ethanol/5% (v/v) glycerol for 30 min and dried in a slab gel 
drier (model SE 640; Hoefer Scientific Instrumente, San Francisco, 
CA). Dried gth were exposed to storage phoq>hor screens for 3 days at 
22* and processed using a Phoq>horlmager (Molecular Dynamics, 
Sunnyvale, CA). 

PNGsM F tnatmnit of menibnuie noeptor proteiiis. Croas- 
linked membram proteins were denatured by a 3-min incubation at 
95' in 80 ^ of 50 mM Tris - HCl. pH 7.7, containing 50 mM EDTA. 50 
mM 2-inerGq»toethanol, and 0.5% (w/v) SDS. To a 20-^ aliquot con- 
taining 40 M of membrane protein, 10 ^1 of 7.6% Nonidet P-40 were 
added. The mixture was incubated with 10 units/ml PNGase F, in a 
vofaune of 60 /il, for 18 hr at 37*. The reaction was halted using 4% 
SDS, and the samples were subsequently analyzed by SDS-polyacryl- 
amide gel electrophoresis. 

(.Total I 



huGRP-R 
transf. 



mGRP-R 
transf. 



cells transfBcted with either the huNMB-R or huGRP-R were deter- 
mined as daacribed previously, with minor modifications (14, 21, 22). 
Cells were grown to confluence in 24-well plates in regular medium and 
then were loaded for 24 hr at 37' with 100 Ci/ml m>o-[2-*H]inoaitol in 
DMEM containing 2% fetal bovine serum. Cells were washed and 
n phocphoinositide buffer (binding buffer additionally con- 
g 10 mM LiClt) for IS min and then for 60 min at 37* with 
e halted by addition 
of 1% HCl ia methanol, and total CHJIP were isolated by anion 
y (14, 21, 22). 
It of cAMP levels. Cells were mechanically disaggre- 
gated and washed twice in binding buffer. Cells (5 x 10*/ml) were 
incubated with various pqitides fior 60 min at 37*, after which cAMP 
wasaolubilisedby the addition of 2 volumes of ice-cold ethanol. Peptide 
effects were measured in the presence of 30 itu forskolin or 100 njg/ml 
cholera toxin. When forskolin was used cells were preincubated for 30 
min with forskolin, and when cholera toxin was used cells were prein- 
cubated for 60 min with cholera toxin before eq[Msure to pq>tide. 
cAMP was measured hy radioimmunoassqr as described previously 
(14), with all sauries dihited so that the values remained in the linear 
portion of the i 



Results 

Initial studies were performed to confirm the presence of 
huGRP-R on huGPR-R-transfected cells and huNMB-R on 
buNMB-R-transfected cells and to structurally compare the 
receptors in the two cell types (Figs. 1 and 2). In huGRP-R- 
traittfiBcted cells a singte broad protein band of 60 ± 1 kDa was 
cioes-linked using '''I-GRP (Fig. 1, middle), whereas for 
huNMB-R-transfected cells a single band of 72 ± 1 kDa was 
cross-linked using ['»I-D-Tyr»]NMB (Fig. 2, ie^). Recently, 
some human small cell lung cancer cells and glioma and glio- 
blastoma ceU lines have been shown to possess GRP-R (24). 
To structurally compare the transfected huGRP-R with the 
native receptor, similar cross-linking studies were performed 
using the human glioblastoma cell line U-118. Similarly to the 
cells stably transfected with the huGRP-R, a single band of 60 
± 1 kDa was seen (Fig. 1, kft). In contrast to the huGRP-R, 
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the mouse GRP-R transfected into the same BALB/3T3 cells 
gave a broad protein band of 822 kDa (Fig. 1, right), which is 
identical to the molecular mass of the GRP-R found in native 
murine Swiss 3T3 cells (14, 24). Although some human small 
cell lung cancer cell lines, including NCI-H209, NCI-510, and 
NCI-H1373, are reported to possess huNMB-R (16, 25), be- 
cause of low receptor numbers an insufficient amount of bind- 
ing of ['^I-D-Tyr^lNMB to these cell lines was observed (data 
not shown) to allow cross-linking to be carried out, and there- 
fore comparative data for a nontransformed, natively expressed, 
huNMB-R could not be obtained. With the rat NMB-R trans- 
fected into the same BALB/3T3 cells, a single broad protein 
band of 631 kDa was seen (Fig. 2, right), which was similar to 
the value reported for the native rat NMB-R on rat Ce glioma 
cells. Treatment with PNGase F resulted in a deglycosylated 
receptor, with a molecular mass of 43 ± 1 kDa for the huGRP- 
R and mouse GRP-R for both the transfected cells and the 
glioblastoma cell line U-118 (Fig. 1) and with a molecular mass 
of 43 ± 1 kDa for the huNMB-R and rat NMB-R on transfected 
cells (Fig. 2). These values agree closely with the molecular 
masses of these recqitors predicted bom the amino acid se- 
quence (16). 

The time and temperature dependence of ['^I-TyT*]Bn bind- 
ing to huGRP-R-transfected cells (Fig. 3, left) and that of 
("•I-D-Tyr^JNMB bmding to huNMB-R-transfected cells (Fig. 
3, right) were similar. For both cell types ligand binding was 
rapid at both 37* and 22°. Binding decreased with time for both 
cell types at 37°, whereas it remained relatively constant be- 
tween 30 and 60 min of incubation at 22°. Half-maximal 
binding of radiolabeled ligand at 37* or 22° was diserved 
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Rg. 2. Affinity latieing end deglycosylation of the hNM&fl on huNMBA- 
trmsfacted oels (Mt) and the rat Nm4\ on rat NMB^^-transfected oels 
{right). NMM cros»lnking was perlbmied using r^Tyt<^NMB with 1 
nw MBS. In the presence or absence o« 1 ;im NMB. After cn)8s4nking. 
mentnnes were da^yoosylaled by inoubation with 10 unil9/M 
as descrtjed in Experlmerital PreceduBS. The experimem is represeritative 
of two others. 

between 4 and 5 min for both cell types (Fig. 3). Reducing the 
incubation temperature to 4° resulted in a decreased rate and 
amount of binding to both cell types (Fig. 3). Addition of 1 titi 
Bn to huGRP-R-transfected cells incubated with {'="I-Tyr*]Bn 
or addition of 1 fiM NMB to huNMB-R-transfected cells incu- 
bated with [>'»I-D-Tyr»]NMB at 4% 22% or 37° reduced binding 
by>90%(Fig.3). 

To compare the ability of huNMB-R-transfected cells and 
huGRP-R-transfected cells to interact with the two naturally 
occurring mammalian Bn-related peptides, GRP and NMB, 
complete dose-inhibition studies for these agonists (Fig. 4) were 
performed. For huGRP-R-transfected cells, GRP was the most 
potent at inhibiting binding of ['^I-Tyr*]Bn, causing detectable 
inhibition at 100 pM, half-maximal inhibition at approximately 
3 nM, and complete inhibition at 1 nM (Fig. 4, left). To deter- 
mine receptor affinity and number of binding sites, a saturation 
analysis was performed by adding increasing amounts of unla- 
beled peptide to a fixed concentration of radioligand. Analysis 
of the ability of Bn to inhibit ['"I-Tyr^JBn binding using the 
least-squares curve-fitting program LIGAND demonstrated 
that the data were best fit by a single binding site model {Ki = 
1.4 ± 0.2 nM). Bn was 4-fold more potent than GRP (Kj = 6.2 
± 1.3 nM) (Table 1) and was >300-fold more potent than NMB 
(Ki = 437 ± 30 nM) (Table 1). In contrast, for huNMB-R- 
transfected cells NMB was the most potent at inhibiting the 
binding of ['"I-D-Tyr»]NMB, with detectable inhibition being 
observed at 0.1 nM, half-maximal inhibition at approxunately 



8 nM, and complete inhibition at 1 iM (Fig. 4, left). Analysis of 
the binding data using the least-squares curve-fitting program 
LIGAND (temonstrated that the data were best fit by a single- 
binding site model. NMB (X, = 8.1 ± 5.2 nM) was 4-fold more 
potent than Bn (K, = 32 ± 3 nM) (Table 1) and was 650-fold 
more potent than GRP (Ki = 5080 ± 770 nM) (Table 1). 

Numerous classes of Bn receptor antagonists have been 
described (20). The abilities of three peptides, representing 
different classes of antagonists, to interact with the GRP-R on 
huGRP-R-transfected cells and with the NMB-R on huNMB- 
R-transfected cells were determined (Fig. 5). For huGRP-R- 
transfected cells, [F5-D-Phe',D-Ala"]Bn(6-13)methyl ester was 
the most potent at inhibiting the binding of (>"I-Tyt*]Bn, with 
half-maximal inhibition being observed at 0.9 ± 0.1 nM. This 
antagonist was >8-fold more potent than (Leu",*13-14)Bn 
(Ki = 7.7 ± 0.3 nM) and was >5000-fold more potent than 
cyclo-SS-octa (K = 4670 ± 230 nM). In contrast, only cyclo- 
SS-octa was potent at inhibiting the binding of ['"I-D-Tyr"]- 
NMB to huNMB-R-transfected cells (K = 605 ± 23 nM). Both 
[F6-D-Phe*,D-Ala"]Bn(6-13)methyl ester and ILeu",*13-14]- 
Bn, at the maximal concentration used (10 mM), displaced <30% 
of I'**I-D-Tyr°]NMB binding to huNMB-R-transfected cells 
(Ki > 10,000 nM). 

The kinetics of binding were further examined by investigat- 
ing the reversibiUty of binding of [''"I-Tyr'jBn to huGRP-R- 
transfected cells (Fig. 6, left) and of [*^I-D-Tyi^NMB to 
huNMB-R-transfected cells (Fig. 6. r^ht). At 37* the dissocia- 
tion of (>*I-Tyr*]Bn bound to buGRP-R-transfected cells was 
slower than the dissociation of ('**I-D-TyT"]NMB bound to 
huNMB-R-transfected cells (Fig. 6). SpecificaUy, by 15 min 
approximately 20% of bound Ugand dissociated from huGRP- 
R-transfected cells, increasing to 53% by 60 min. In contrast, 
58% of bound ligand dissociated fit>m huNMB-R-transfected 
cells by 15 min, and this increased to 76% by 60 min. Lowering 
the temperature to 4* slowed the dissociation of bound ligand 
from either cell type, with <10% being dissociated by 60 min 
(Fig. 6). The incompleteness of dissociation at 37* suggested 
the possibility of peptide internalization in each of the cell 
types. 

To determine whether internalization of ligand was occur- 
ring, acid-stripping experiments were performed to remove 
surface-bound ligand at various times and temperatures (Fig. 
7). After incubation for 5 min at 37°, the time of half-maximal 
binding for both cell types (Fig. 3), 46 ± 3% of bound radiolabel 
was intemahzed by huGRP-R-transfected cells (Fig. 7, left), 
whereas 27 ± 3% of radiolabel was internalized by huNMB-R- 
transfected cells (Fig. 7, right). Maximal internalization at 37* 
was achieved by approximately 60-90 min in both cell types 
(Fig. 7). Internalization at 22° similarly was more r^id and 
complete with the huGRP-R-transfected cells (62 ± 1% inter- 
nalized by 15 min and 75 ± 4% internalized 1^ 90 min) than 
with the huNMB-R-transfected cells (29 ± 5% internalized by 
15 min and 63 ± 3% internalized 90 min). In both cell 
systems receptor internalization rates were markedly inhibited 
at 4°, with >90% of bound ligand existing in an acid-strippable 
form after a 90-min incubation (Fig. 7). 

To determine whether transfected human Bn receptors ac- 
tivated phospholipase C, we determined the ability of the two 
mammalian Bn-related peptides to increase ['H]IP in both cell 
types (Fig. 8). In huGRP-R-transfected cells a maximally ef- 
fective dose of GRP (i.e., 1 ftM) caused a 3.2-fold increase in 
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Rq. 3. Tkne- and ternpereture-do- 
pendent tMng o» r"l-Tyr*]Bn to 
huGRP-R-transfected eels {left) and 
f ^Tyr<>p4B to huNAffi^VUm- 
fected oels {rtght). For both oal 
types, 3 X 10* cels/rnl weie incu- 
bated with 75 pM radtoUbaled pep- 
tide alone (cibsacf symMi) cr with 
1 iM unlabeled pepMde (qpen sym- 
bols). At the indtealed times md 
temperatures, 10(M sannples were 
talcen and precessed as described 
In Experimental Preoedures. Resiits 
are expressed as fmol bound at 
each time point In each experiment 
each value was determined In tripl- 
cate, and the results are given as 
the means ± standaid enore of at 



Fig. 4. Comparison of the at)ttty of 
various BiHelated agonists to Inhixt 
the bindhg of f=»l-Tyr*]Bn to 
huGRP-R-transfected oels (JM) and 
r*Vo-Tyr»]NMB to huNMBfl-trwis- 
fected eels {rl^). For both eel 
types, 3 X 10* oels/hil were incu- 
tJBted with 75 pM radkslatjeled pep- 
tide alone or with the indicated oorv 
c e nu a l i un s of the unlabeled Bn4B- 
lated peptide. Data are expressed 
as ttie percerrtage of saturably 
bound radnactivity In the absence 
of nonradk>active peptide. For each 
experiment each value was deter- 
mined In dupicate, and the resUts 
are the means ± standard errors of 



-11 -10 -9 



-8-7-6 -11 -10 

CONCENTRATION (log M) 



[»H]IP. GRP was the most potent (£€» = 13.6 ± 1.3 nM) at 
increasing [^H]IP and was 100-fold more potent than NMB 
(ECm = 1410 ± 171 nM) (Fig. 8, left). In huNMB-R-transfected 
cells a maximally effective concentration of NMB (i.e., 1 fOi) 
caused a 19-fold increase in ["HIIF. NMB (EC50 = 9.3 ± 1.4 
nM) was 96-fold more potent than GRP (ECm « 891 ± 67 nM) 
at increasing [%]IP in the huNMB-R-transfected cells (Fig. 8, 
right). 

In addition to activating phospholipase C, Bn stimulation of 



the murine GRP-R expressed on Swiss 3T3 cells results in 
increased cellular cAMP levels (12, 14). However, the same 
receptor transfected into murine BALB/3T3 cells fails to in- 
crease cAMP levels (14). Therefore, we determined whether 
either transfected hvmian Bn receptor type increased cellular 
cAMP levels when activated. When huNMB-R- or huGRP-R- 
transfected cells were preincubated with 30 mM forekolin or 
100 ng/ml cholera toxin, basal cAMP levels were increased 
approximately 2-fold (Table 2). Whereas further incubation 
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Fig. S. A14tty of various Bn receptor 
antagorists to Inhfcit the Ijindkig of 
p»t.Tyr*)Bn to huGRP-fl-trro- 
fectad oels (M) aid f 'W-Tyi^ 
NMB to huNMBA-trvufected oels 
{righty 




with Bn increased cAMP levels 10.8-fold in Swiss 3T3 cells, 
Bn, GRP, and NMB fiedled to significandy increase cAMP 
levels further in the huNMB-R- and huGRP-R-transfiected cell 
lines (Table 2). 



This study provides the first systematic characterization of 
the pharmacology and cell biology of human Bn receptors using 
huGRP-R and huNMB-R stably transfected into BALB/3T3 
cells and demonstrates that they are a good model system for 
such studies of human Bn receptors. Previous cross-linking 
studies have demonstrated that the huGRP-R expressed by 
small cell lung cancer cells and by a human duodenal tumor 
cell line (24, 26) has a molecular weight of 62,000. After PNGase 
F treatment, a single band of Mr 40,000 (24) was seen, demon- 
strating that the huGRP-R was approximately 35% glycosy- 
lated. Similarly, in the present study we found that in the 



human glioblastoma cell line U-118 the natively expressed 
huGRP-R had a molecular weight of 60,000 and that 34% of 
this weight was due to glycosylation. An identical result was 
found with the transfected huGRP-R, demonstrating that in 
BALB/3T3 cells this receptor is glycosylated to a similar extent 
as the natively expressed receptor. Species-iq>propriate glyco- 
sylation also was observed with the mouse GRP-R transfected 
into the same cell type (27), demonstrating that GRP-R gly- 
cosylation in BALB/3T3 cells appears to be similar to that 
observed in native tissues, regardless of the species origin of 
the receptor. The mouse GRP-R has four potential glycosyla- 
tion sites, aU of which are utilized (13, 27), and is 47% glyco- 
sylated in pancreatic acinar cells (28) and Swiss 3T3 cells (12, 
26, 27) and when expressed in stably transfected BALB/3T3 
cells (27). In contrast, the huGRP-R has only two potential N- 
linked glycosylation sites (16), which likely explains the differ- 
ence in percentage glycosylation between the mouse GRP-R 
and the huGRP-R No comparable data exist for natively 
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Hg. 6. Dissociaticn of f '^Tyi^ 
bound to huQRP-IMransfected oels 
(toft) end r'^Tyi'lNMB bound to 
hut^/tB-R-transfected eels (right). 
Rjr both transfected oel types, 3 X 
10* cels/mi were incubated in bind- 
ing buffer with 75 pM radoiabeied 
peptide at 22*> for 60 n*). At that 
time, alquots were dMed SOfold 
with bindhg btrffer at 4" a 37° and 
incubated at the indtoated tempeta- 
ture for the mdnated times. Results 
are expressed as the percentage of 
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expressed huNMB-R. In the present stu<fy with the transfected 
huNMB-R, a sini^ croaa-Iinked protein band ofM, 72,000 was 
seen. De^iyco^ylation studies demonstrated that 38% of the 
molecular wei^ of the huNMB-R was due to gl^cosylation. 
Similarly, in recent cross-linking studies the rat NMB-R was 
shown to have a molecular weight of 63,000, with 32% of the 
weight being due to glycosylation of the natively expressed 
NMB-R either by rat €« gUoblastoma cells or by the stably 
transfected BALB/3T3 cells. The difference in glycosylation 
between q>ecie8 is again likely due to the fact that the huNMB- 
R has three potential N-linked glycosylation sites (16), whereas 
the rat NMB-R has only two such sites (13). In a recent studb^ 
it was demonstrated that each potential glycosylation site on 
the rat NMB-R was glycoqrlated (23); therefore, the additional 
potential ^yoo^lation site in the huNMB-R also is likely 



glycosylated, thus accounting for the greater degree of glyco- 
sylation of the huNMB-R versus the rat NMB-R. 

Previous studies have provided evidence that GRP, NMB, 
and other Bn-related peptides can activate either GRP-R or 
NMB-R but differ in their relative affinities in different species 
(20, 22, 29). In the present study, the transfected huGRP-R 
had the highest affinity for the amphibian peptide Bn, whereas 
GRP was 4-fold less potent and NMB was >300-fold less 
potent. A similar result was seen in rat pancreas, guinea pig 
pancreas, and rat pancreatic AR-42J cells, where Bn was 3-10 
times more potent than GRP and >60 times more potent than 
NMB (see Table 1). In contrast, with the mouse GRP-R (ex- 
pressed by either mouse pancreas, mouse Swiss 3T3 cells, or 
stably transfected BALB/3T3 cells), Bn and GRP have abnost 
equal hii^ affinity and have only a 30-40-fold higher affinity 
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Hg. 8. Abity of Brvralated peptides 
to stknulate generation in 
huGRP-R-trawlected oels (M) or 
inhuNM&A-trans«BCtedcels(r<BM). 
Confluent eels were incubated with 
100 O/ml my(K2-'H|nositol for 24 



to the indcated B 
at the Ifxjfeated < 
60 min. Data are expressed as the 



d using 1 mm Bn in huGRP-R- 
transfected oels or 1 /im NMB in 
huNMB^Vtransfected oels. Rir 
huQRP-R-transfected eels, eontnH 
Evid 1 iM Brvstimuiated vdues for 
[^P were 7,100 ± 1 ,100 dpm md 
23,000 ± 2,200 dpm, respectively. 
For h uNMBWransiBCted oels. 
control and 1 im N MB u UniiatBd 
values for were 9,800 ± 900 
dpm and 185,000 ± 20,000 dpm, 



_11_10-9 -8-7-6-5 -11-10-9 -8-7-6-5 
CONCENTRATION (log M) 



each value was determined in dupl- 
catBi wNh each data point repra- 
senling the m 
of at least tl 



F« al oel types, 3 X 10* oels/pnl w 
«or60minat37<>arwHh30MM forskoln for : 
prakiotetkxi. the eels were further stimulated with the indicated peptidm 
min. Basal cAMP levels were 18 pmot/IO* eels for Swiss 3T3 oels, 27 pmci/lO* 
eels for huNMB-R-transfected eels, and 139 prnd/IO* eels for huQRP-R-trans- 
fectad eels. Each value represents the fdU Increase (mean ± standard error) from 
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3.1 ± 0.6 


6.3 ± 0.5' 
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It from the value ciMained In the presence of 
forskoln alone; p< 0.05. 

than NMB (12, 14, 28). At present, the basis for this difference 
in the relative affinities and selectivity of these three naturally 
occurring agonists for the GRP-R in mice, compared with 
humans and other species, is unclear. The affinities of these 
three agonists for the transflected huGRP-R are in reasonable 
agreement with results from studies on human cells containing 
native huGRP-R. In human pancreatic acinar membranes Bn 
was the most potent at inhibiting binding (ICso = 1 nM) and 
was 8-fold more potent than GRP-R (30). In the human colon 
cancer cell line NCI-H716 Bn was 3-fold more potent than 
GRP and 350-fold more potent than NMB (31), in the small 
cell lung cancer ceU line NIH-H345 Bn was 5-fold more potent 
than GRP, and with the huGRP-R in the human gastric cancer 
ceU line St42 (32) Bn was 2-fold more potent than GRP and 



100-fold more potent than NMB. In biological studies a 
the ability of Bn-related peptides to cause contraction of iso- 
lated human circular jejtmal smooth muscle cells, Bn was 20 
times more potent than GRP (33). However, in the human 
duodenal tumor cell line HuTu-80 Bn and GRP were equipotent 
and >100-fold more potent than NMB (26), whereas in the 
human breast cancer cell line T-47D (19) GRP was reported to 
be 10-fold more potent than Bn. At present, it is unclear 
whether the differences in the relative affinities of these three 
Bn-related p^des for the huGRP-R reported in these various 
studies are due to different experimental conditions, intrinsic 
differences of these multiple tumor cell lines due to alterations 
in G protein coupling or glycosylation, or some other factors. 
The degree of glycosylation may represent a hitherto under- 
appreciated reason for alterations in receptor affinity for li- 
gands. Indeed, in a recent study (27) the extent of glycosylation 
of the mouse GRP-R was shown to affect receptor affinity and 
G protein coupling. Fiurthermore, in a study of the huGRP-R 
in T-47D breast cancer cells (19), which has a higher affinity 
for GRP than Bn, the cross-linked receptor had a molecular 
weight of 75,000. This molecular weight is sunilar to that 
reported for human glioma cells (24) and thus supports the 
contention that differences in glycosylation may wpntent an 
important factor contributing to the differing affinities of the 
huGRP-R for GRP and Bn in different human ceU lines. 

In contrast, few cell lines express sufficient huNMB-R to 
permit a systematic comparison of the data obtained herein 
using the stably transfected huNMB-R cells with data on cells 
natively expressing this receptor. In general, however, the phar- 
macology of the huNMB-R was similar to data obtained from 
rats, where this receptor has been extensively characterized 
(21, 22, 29). Indeed, the huNMB-R had relatively high affinity 
for both NMB and Bn, with GRP having a >800-fold lower 
affinity for this receptor than the huGRP-R. The only compa- 
rable data for natively expressed huNMB-R is from the NCI- 
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H345 small cell lung cancer cell line (25). For this cell line, one 
pharmacological analysis revealed that NMB had a 100-fold 
higher affinity than Bn and a 50-fold higher affinity than GRP 
(25), whereas in a study evaluating changes in [Ca**]i in the 
same cell line NMB was only 3-fold more potent than Bn (16). 
The reasons accounting for the differences in relative afSnities 
of GRP and NMB for the huNMB-R, as well as their differing 
abilities to alter [Ca'^li, between NCI-H345 cells and the stably 
huNMB-R-transfected cells studied herein are unclear but are 
likely multifactorial. Potential factors include noncomparable 
experimental conditions, alterations in peptide degradation, 
and different G protein populations in the different cell types. 
However, it also is important to realize that NCI-H345 cells 
express both huNMB-R and huGRP-R and that both classes 
of receptors can interact with both peptides. Earlier studies of 
the huNMB-R on NCI-H345 cells were not performed on cells 
possessing a pure population of receptors and are therefore 
difficult to interpret. However, in terms of selectivity for Bn 
receptors, the pharmacology of the human receptors is similar 
to that reported in various animal studies (22, 29), with NMB 
having >50-fold higher selectivity for the NMB-R than the 
GRP-R, In contrast, Bn interacts with high affinity with both 
transfected human Bn receptor subtypes, whereas GRP is 
>400-fold more selective for the huGRP-R than the huNMB- 
R. Because GRP and Bn share a similar carboxyl-terminal 
heptapeptide, with nine of the 10 carboxyl-terminal amino acids 
being identical in the biologically active portion of the molecule 
(34), this increased selectivity of GRP over Bn for huGRP-R 
suggests that the amino-terminal amino acids of GRP are 
important for determining this selectivity for the various hu- 
man Bn receptors. 

Previous studies have demonstrated, with Bn receptors from 
rats, mice, and guinea pigs (12, 14, 21, 29), that the radiolabeled 
agonist ligands are rapidly internalized and degraded. Results 
in the present study suggest that similar phenomena occur with 
huGRP-R and huNMB-R. With both human receptors, rapid 
temperature-dependent internalization was seen. Furthermore, 
with both human receptors binding decreased with time at 37% 
which in animal studies was shown to be due to degradation of 
the radiolabeled agonists. In those studies the broad-spectrum 
protease inhibitor bacitracin, which was included in the incu- 
bation medium in the present study, was shown to markedly 
inhibit this degradation, whereas neutral endopeptidase or 
amino peptidase inhibitors were largely without effect (29). 

In previous studies, six chemically different classes of Bn 
receptor antagonists have been described (20, 35). Almost no 
data are available on the abiUty of these antagonists to interact 
with human Bn receptors. In the present study, representative 
compounds from three of these classes of antagonists were 
examined for their abilities to interact with and distinguish the 
two human Bn receptor sublypes. Similarly to studies in other 
q>ecies (20). the [des-Met"]Bn analogue [Fs-D-Phe* D-Ala"]- 
Bn(6-13)methyl ester had high affinity for huGRP-R and had 
>10,000-fold selectivity for the huGRP-R over the huNMB-R. 
A recent study has demonstrated that this analogue functions 
as a GRP-R antagonist in humans in vivo and inhibits Bn- 
stimulated enzyme secretion and gastric emptying (36). Closely 
related [des-Met^jBn antagonists have been shown to inhibit 
Bn-stimulated increases in [Ca**]i in NCI-H345 small cell lung 
cancer cells (25) and to inhibit GRP-stimulated chloride cur- 
rents in Xenopus oocytes after injection of huGRP-R mRNA 



but do not inhibit NMB-stimulated changes in chloride cur- 
rents after injection of huNMB-R mRNA (16). These results, 
coupled with their marked selectivity for the huGRP-R, suggest 
that this class of antagonists will be useful for exploring the 
role of the GRP-R in mediating various physiological functions. 
The pseudopeptide analogue [Leu",^13-14]Bn also had high 
affinity for the huGRP-R and a 1000-fold selectivity for this 
receptor over the huNMB-R. This analogue has been shown to 
inhibit Bn-stimulated increases in [^H]IP levels, [Ca^'^ji, and 
proliferation of NCI-H345 cells (37). In contrast to these two 
antagonist43, but similarly to results reported recently for rats, 
the somatostatin octapeptide analogue cycIo-SS-octa was more 
selective for the NMB-R than the GRP-R. However, it was 
pointed out that the use of this particular analogue may be 
limited because it has both somatostatin agonist activity and 
some M-opioid antagonist activity, although structure-function 
studies suggest that these can be separated from the NMB-R 
inhibitory activity. The present study suggests that an addi- 
tional problem also exists for this class of antagonists in hu- 
mans, in that cyclo-SS-octa has a much lower affinity for the 
huNMB-R (Ki = 605 nM) than the rat NMB-R (K. = 40-220 
nM), as well as being less selective for this receptor than for 
the huGRP-R. 

In all species examined, GRP-R and NMB-R activation 
results in activation of phospholipase C, which results in an 
increase in IP and mobilization of cellular calcium (12, 22, 
38). In the present study we found that both huGRP-R and 
huNMB-R activate phospholipase C and increase [^]- 
IP levels. These results are similar to studies using human 
small cell lung cancer cells possessing either GRP-R or NMB- 
R (25, 37, 39), in which the addition of Bn-related peptides 
increases phosphatidylinositol turnover and [Ca^*]i. Further- 
more, the GRP-R antagonist lD-Phe*lBn(6-13)methyl ester 
inhibited GRP-stimulated increases in [Ca''*']i without altering 
the increase caused by NMB in the human small cell lung 
cancer cell line NCI-H345 (16). This demonstrates that acti- 
vation of both huGRP-R and huNMB-R activates phosphoU- 
pase C. Similarly, activation of the GRP-R on the human 
pancreatic tumor cell line Capan (40) and the human duodenal 
cancer cell line HuTu 80 (26) also has been shown to activate 
phospholipase C, whereas stimulation of GRP-R on human 
endometrial stromal cells (41) has been shown to increase the 
activity of phosphoUpase C and to increase [Ca^*]i and IP levels. 
Thus, activation of both huGRP-R and huNMB-R, either stably 
transfected in BALB/3T3 ceUs or in human tissues, results in 
phoq}holipa8e C activation. The ability to readUy detect changes 
in [%[]IP consequent to receptor activation, coupled with the 
ability to easily measure binding to huGRP-R or huNMB-R in 
the present stu^y, suggests that these two transfected cell lines 
should be excellent systems for exploring additional ligand 
or receptor structure-fimction relationships for the human Bn 
receptors. 

In some cell systems, such as Swiss 3T3 cells (12, 14), activation 
of tiie GRP-R also increases cAMP levels. In contrast, activation 
of the rat NMB-R natively ei5)re88ed by Ca ^oblastoma cells (22) 
or by rat pancreatic acini, or of the rat NMB-R transfected into 
BALB/3T3 cells (21), does not result in an increase in cAMP 
levels. In the present study activation of neither the huGRP-R 
nor the huNMB-R resulted in increases in cAMP levels. The 
fedlure to observe an increase in cAMP levels with activation of 
either human Bn receptor could be either due to altered G protein- 



receptor coupling or due to the &ct that neither human Bn 
receptor type natively acta to increase cAMP levels. In a recent 
study (14), BALB/3T3 cells stably transfected with the mouse 
GRP-R derived from Swiss 3T3 cells, which increases cAMP 
levels in Swiss 3T3 cells (12, 14, 42), did not show increased cAMP 
levels. That etaiy demonstrated that BALB/3T3 cells possessed 
abundant G,; thus, the Mure to increase cAMP levels could not 
be expMned on the basis of inadequate G protein availability. 
Also, forskolin and cholera toxin increased cAMP levels in the 
transfected BALB/3T3 cells, further demonstrating that adenyl- 
ate cyclase could be directly activated in these cells (14). This 
suggests that mouse GRP-R activation of cAMP production may 
be peculiar to Swiss 3T3 cells and that the failure of this same 
receptor to increase cAMP levels in BALB/3T3 cells cannot be 
blamed on the lack of impropriate machinery necessary to generate 
this cyclic nucleotide. At present, however, the possibility still 
cannot be completely excluded that activation of either human 
Bn receptor may be coi^led to adenylate cyclase, in addition to 
activating phospholipase C, and that this dual activation pathway 
was not detected in the present study because of di£ferences in G 
protein coupling between the transfected cells and cells natively 
«q>ie8sing these receptors. 

In conclusion, in the present 8tud|y we demonstrate that 
huGRP-R and huNMB-R can be stab^r transfiBCted into BALB/ 
3T3 cells. We show that the transfected receptors exhibit similar 
pharmacology for agonists and antagonists, that they undergo 
identical glycosylation, and that they function similarly with 
respect to their ability to alter biological activity, conqMoed with 
natively expressed receptors. The availalnlity of these cells shouM 
greatly facilitate further studies of human Bn receptor pharma- 
cology and receptor modulation. 
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Each peptide bond CONH group in the most impor- 
tant COOH-terminal octapeptide region of [Leu"]bom- 
besin was replaced by a CHaNH group using recently 
developed rapid solid-phase methods. The resulting 
analogues were then examined for amylase releasing 
activity in guinea pig pancreatic acini and for their 
ability to inhibit binding of ['"I-Tyr^bombesin to aci- 
nar cells. Replacement of the Trp'-Ala", Gly^-His", 
and Hi8"-Leu" peptide bonds resulted in about 
1000-, 200-, and 300-fold losses in both amylase re- 
leasing activity and binding affinity. The Val"-Gly" 
replacement, however, retained 30% potency relative 
to the parent peptide. Ala»-Val" and Len"-Leu" bond 
replacement analogues exhibited no detectable amy- 
lase releasing activity but were stiU able to bind to 
acini with Kj values of 1060 and 60 nM, respectively 
(compared to 16 nM for [Leu'*]bombe8ln itself). Sub- 
se<iuently, both analogues were demonstrated to be 
competitive inhibitors of bombesin-stimulated amylase 
release with ICm values of 937 and 35 dm, respectively. 
[Leu"-^-CH»NH-Leu"')Bombesin exhibits a 100-fold 
improvement in binding afHnity compared to previ- 
ously reported bombesin receptor antagonists and 
showed no affinity for substance P receptors. It was 
also a potent inhibitor of bombesin-stimulated growth 
of murine Swiss 3T3 cells with an IC«, of 18 nM. In 
terms of a bombesin receptor-binding conformation, 
these results may aid in the delineation of intramolec- 
ular hydrogen-bonding points and the eventual design 
of improved, conformationally restricted analogues. 



There has been considerable interest in the design and 
development of competitive bombesin receptor antagonists as 
possible antimitotic agents since the discovery that bombesin 
(pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu- 
Met-NHj) and related peptides (1) act as potent autocrine 
growth factors in human small cell lung carcinoma systems 
in vitro and in vivo (2, 3). These cells also contain high levels 
of bombesin immunoreactivity (4) and high affinity receptors 
for the peptide (5, 6). 

There have been two published reports concerning peptide 
analogues capable of blocking the actions of bombesin. The 
first of these (7) described the ability of a subatence P receptor 
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antagonist to prevent bombesin-stimulated pancreatic amy- 
lase release with an ICjo in the millimolar range. The second 
(8) report concerned a bombesin analogue in which D-Phe 
replacement for His" resulted in a competitive antagonist. 
Although this latter compound was specific for pancreatic 
bombesin receptors, it also had a relatively high ICw of 4 mM. 

In the present paper, rather than using the classical side 
chain modification strategies, we have adopted a more unusual 
peptide backbone modification approach to bombesin ana- 
logue design and antagonist discovery. This was prompted by 
a recent report (9) in which the tetragastrin pseudopeptide, 
«-butoxycarbonyl-Trp-Leu-^ICH,NH]-Asp-Phe-NHj, was 
found to be an effective gastrin receptor antagonist and our 
own work (10) on f -CHjNH pseudooctapeptide somatostatin 
anabgues which were helpful in examining potential peptide 
bond involvement in intramolecular hydrogen bonding and 
peptide conformation. Although the reduced peptide bond is 
only one of many possible alternatives (11) for altering the 
CONH linkage, it also has the advantage of being easily 
incorporated (12) by reductive alkylation with sodium cyano- 
borohydride and the appropriate protected amino acid alde- 
hyde during the rapid solid-phase synthesis of a peptide. 
Synthetic work was concentrated on the COOH-terminal half 
of the bombesin peptide chain which earlier structure-activity 
studies (13) indicate to be primarily responsible for receptor 
binding and triggering of the biological signal. To eliminate 
the readily oxidized Met" residue, the analogues described 
here were based on [Leu'^lbombcsin which retains about 33% 
of the biological potency and binding affinity of bombesin 
itself (Table I). 

EXPERIMENTAL PROCEDURES 
Materiala 

Protected amino acids and other synthetic reagento were obtained 
from Advanced ChemTech. LouisvUle, KY. NIH strain guinea pigs 
(175-225 k) were obtained from the Small Animals Section, Veteri- 
nary Resources Branch. National InaUtutes of Health. HEPES' was 
from Boehringer Mannheim; purified collagenase (type CLSPA, 440 
units/mg) from Worthington; sodium borate, soybean trypsin inhib- 
itor, carbamylcholine, theophylline, bacitracin, and 8-bromo-cAMP 
from Sigma; essential vitamin mixture (lOOX concentrated) from 
Microbiological Associates; gluUmine and gastrin-I(2-17) from 
Kesearch Plu«; "'I-labeled W-»uccinimydyl-3-(4-hydroiy- 
phenyDpropionate (1500 Ci/mmol) end Na""! from Amersham Ciorp.; 
['Hlthymidino from Du Pont-New England Nuclear, Phadabaa am- 
ylase Ust reagent from Pharmacia LKB Biotechnology Inc.; bovine 
plasma albumin (Fraction V) from Miles Laboratories; A23187 from 

' The abbreviaUons used are: HEPES, 4(2-hydroiyethyl)-I-piper- 
azineethanetutfonic acid; "'I-BH-SP, "•l-labeled Bolton-Hunter- 
submtnce P; LH-RH. luteinizing hormone-releasing hormone. 
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Behring Diagnostics; vasoactive intestinal polypqitide and substance 
P from Peninsula laboratories. COOH-Unninal octapeptide of cho- 
lecystokinin was a gift from M. Ondetti. Squibb InsUtute for Biomed- 
ical Reseaidi, Princeton, NJ. 

The standard incubation solution used in e^riments involving 
pancreatic acini contained 24.6 mM HBPES (pH 7.4). 6 mM. NaCI, 
2.5 mw, KCl, 6 mw NaH,PO« 6 mil Na pyruvate, 6 mM, Na fianarate, 
5 mM Na glutamate, 2 mM gtutamiae, 11.6 mM glucaw, 0.5 mM Caa,, 
1.0 mM MgClfc 5 mM thej^hyUine. 1% (w/v) albunuD, 0.01% (w/v) 
trypsin inhibitor, 1% (v/v) amino acid mUture, and 1% (v/v) essential 
vitamin mixtiiie. The innibaUon solution was equiUbrated with 100% 
re carried out with O, as the gas phase. 



im-ftee medium prior to thymidine uptake deter- 

~Auays of DNA Synthesis— 3Ti cells were washed twice with 1-ml 
aliquoto of medium (without lerum) and then incubated with medium, 
0.6 mM iTflthymidine (20 Ci/mmol), bombesin (1 nM), and several 
concentrations of bombesin analogue in a final volume of 0.5 ml. 
After 28 h at 37 'C, [Ulthymidine incorporation into acid-insoluble 
pools was then determined. OUs were washed twice with ice-cold 
0.9% saline (1-ml aliquots) and acid-soluble radioactivity was re- 
moved by a 30-min (4') incubation with 6% trichloioaceUc acid. The 
cultures were washed once with 95% ethanol (I ml) and solubilized 
by a 30-nun incubation with 0.1 N NaOH. The solubiUxed material 
: for radioactivity on the scintillation counter. 



Preparation of Peptides— Solid-phase syntheses, including intro- 
duction of each reduced peptide bond, were carried out by the stand- 
ard methods reeenUy described by Sasaki and Coy (12). The crude 
hydrogen fluoride-cleaved peptides were purified on a column (2Ji x 
90 cm) of Sephadex 0-25 which was eluted with 2 M acetic acid, 
followed by preparative medium pressure chiomatograplqr on a col- 
umn (1.6 X 45 cm) of Vydac C silica (15-20 tim) which was eluted 
with a linear gradient of 15-55% acetonitrile in 0.1% trifluoroacetic 
acid using an Eldei Chromatrol gradient controller (flow rate 1 ml/ 
min). Analogues were further purified by re-chromatography on the 
same column with slight modificarions to the gradient conditions 
when necessary. Homogeneity of the peptides was assessed by thin 
layer chromatography and analytical reverse-phase high pressure 
liquid chromatography, and purity was 97% or higher. Amino acid 
analysis gave the expected amino acid ratios. The presence of the 
reduced peptide bond was demontttated by fast atom bombardment 
mass spectrometry. Bach of the 6 analogues gave good recovery of 
the molecular ion corresponding to the calculated molecular mass of 
1587. 

TVsiue PnsJorotion— Dispersed acini from guinea pig pancreas were 
prepared as described previously (14). 

AmyUue Aeteose— Dispersed acini from one guinea pig pancreas 
were suspended in 150 ml of standard incubation solution and samples 
(260 Ml) were incubated for 30 min at 37 'C. Amylase activity was 
determined hy the method of Ceska et oL (15, 16) using the Phadebas 
reagent. Amylase release was calctilatad as the percentage of amylase 
activity in the acini at the beginning of the incubation that was 
released into the extracellular medium during the incubation. 

Binding of /"'/.7>rVBom6e«in— ('"l-TyT'lBombesin (2000 Ci/ 
mmol) was prepared using a modification (17) of the chloramine-T 
method of Hunter and Greenwood (18). ["•I-Tyr'lBombeain was 
separated from "*1 using a Sep-Pak and separated from unlabeled 
peptide by reverse-phase high pressure liquid cbromatognq>by on a 
column (0.46 X 26 cm) of ^Bondapak Cu. The column was eluted 
isocratically with acetonitrile (22.6%) and triethylammonium phos- 
phate (0.26 M, pH 3.8) (77.5%) at a flow rate of 1 ml/min. Incubations 
contained 0.05 nM ('"I-Tyi*lbombesin and were for 30 min at 37 'C. 
Nonsaturable binding of ('"I-Tyr^lbombesin was Ujc amount of ra- 
dioactivity associated with the acini when incubation contained 0.05 
nM {"•I-Tyr'Jbombesin plus 1 mM bombesin. All values shown are 
for saturable binding, ie. binding measured with ('"I-Tyr'lborabesin 
alone (total) minus binding measured in the presence of 1 raM 
unlabeled bombesin (nonsaturable binding). Nonsaturable binding 
was <20% of total binding in all eiperimenU. 

Binding of '"I-BoUon-Hunter-Substance P Cl-BH-SP)-"'l-Bli- 
SP (1500 Ci/mmol) was prepared using a modification (19) of the 
method of Bolton and Hunter (20) and purified by reverse-phase high 
pressure liquid chromatography on a Cu column (21). Binding of 
BH-SP to dispersed pancreatic acini was measured as described 
previously (19). Nonsaturable binding of '"I-BH-SP was the amount 
of radioactivity associated with the acini when the incubation con- 
tained 0.06 nM '"I-BH-SP plus 1 mM unlabeled substance P. All 
values pven are for saturable binding, ie. bin(£ng measured with "*!- 
BH-SP alone (total) minus binding measured with 1 mM unlabeled 
substance P (nonsaturable). Nonsaturable binding was <20% of total 
binding in all experiments. 

Growth trf Swiss 3T3 TOroWostt— Stock cultures of Swiss 3T3 cells 
(American Type Culture CoUection CCL 92) were grown in DuUwc- 
co's modified Eagle's medium supplemented with 10% fetal calf serum 
in an atmosphere of 10% CO,, 90% air at 37 'C. The cells were seeded 
into 24-wel] cluster Uays and used 4 days after the last change of 
medium. The cells were arrested in the C/Gg phase of the cell cycle 



We were interested in quantitating both the agonist and 
potential antagonist activity of the 6 analogues which were 
synthesized. They were, therefore, initially examined for Btim- 
ulating effects on pancreatic amylase release, which is a major 
biological activity of bombesin peptides, and the dose-re- 
sponse curves obtained are shown in Fig. 1 in comparison to 
bombesin and |Leu")bombeBin standards. ECm values calcu- 
lated from half-maximal stimulation concentration are given 
in Table L Only IVal"'-v^-CHjNH-Gly"J^u"lbombe8in re- 
tained high potency, being about three times less active than 
(Leu"]bombe8in itself. Analogues with 11-12, 12-13, and, 
particularly, 8-9 peptide bond replacement were several or- 
ders of magnitude less potent, but were fiill agonists. In 
contrast, 9-10 and 13-14 bond replacement completely de- 
stroyed detectable amylase releasing activity. The analogues 
were then tested for their abilities to inhibit binding of ('"I- 
Tyr'Jbombesin to pancreatic acini and inhibition curves are 
shown in Fig. 2 with calculated values given in Table I. 
All analogues displayed affinities that correlated completely 
with their biopotencies with the exception of the 9-10 and 
13-14 replacement peptides which were able to bind with Ki 
values of 1060 and 60 nM, respectively, despite having no 
amylase releasing activity. 

The 9-10 and 13-14 replacement peptides were tested for 
inhibition of the amylase release produced by a 0.2 n.M dose 
of bombesin (Fig. 3). Both gave concentration-dependent 
inhibition of the activity of bombesin and the calculated ICw 
values were 937 ± 8 and 35 ± 7 nM, respectively. Finally, the 
antagonists were examined for their specificity towards bom- 




CONCENTRATION (log M) 
Fig. 1. Effect of various concentrations of bombesin and 
[Leu'«]bomb«»in standard* and 6 reduced-peptide bond re- 
placement a ■ 
ffulnempigpi 

In the text. Values are the m 
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Table I 

Comparison of the ability of bombesin and [Leu^'J peptide bond replacement analogues to stimulate dispersed acinar 
amylase release and displace r"I-Tyr*}bombetin from intact cells 
Kd values for binding of the analogues were calctilated by the method of Cheng and Prusoff (28). The value 
for bombesin waa determined by Scatchard analysis. ECu and ICu vahies are from data shown in Figs, 2 and 3 
and ceprasent concentrations of peptide causing half-maximal amylase release or half-maximal inhibition of 0.2 
nM bombesin-atimulated release, respectively. Each value is the mean ± S.E. of five experiment*. 

Bondreplttirf *"*Sc')'*" Binding (/W 



' Peptide bond replaced. 

' Antagonist, ICto = 931 ±6 nM. 

t.IC»-36±7nM(seeFig.3). 



(L2±0.1 
0.8 ± 0.3 
1060.5 ±14.5 
ND» 
2.1 ± 0.3 
140.6 ± 20.5 
251.8 ± 36.6 
ND* 



4.4 ±0.6 
15.1 ± 2.9 
15500.6 ± 2040 
1060.7 ±140.8 

38.9 ± 5.9 
24103 ±154.5 
4512.6 ± I132J 
59.6 ±6.8 




CONCENTRATION (kjg M) 

Fio. 2. Displacement of '**I-lab«led bombesin from Intact 
guinea pig pancreatic acinar c«Da by various concentrations 
of Iwmbeain. [Leu'*]bombeaiB, and 6 peptide bond replace- 
ment analognea under conditions described in tlie text. Values 




CONCENTHATION (log M) 



1^0. 3. Inhibitory effecU of various concentrations of 
fLeu'*.*.CH,NH-Lou'*]- and (Ala»-*-CH,NH-Vnl»"]bombe«in 
on gninea pig pancreatic acinar amylase release stimnlated 
by 0.2 n.M bombesin under conditions descrUied in the text. 

Values are the means from five experiroer - - * ■ 




CONCENTRATION (tog M) 



Flo. 4. Displacement of '"I-labeled BoIton-Hunter-sub- 
stance P from guinea pig pancreatic acinar cells by a sub- 
stance P standard and ILeu'*-^-CHiNH-Leu"l- and (Ala°-^- 
CH»NH-Val"Jborobe8in under conditions described in the 
text. Values are the means from five ezperimeots ± standard error. 

besin receptors. Importantly, no inhibition of the binding of 
"*I-labeled substance P could be achieved at concentrations 
up to 10 mM (Fig. 4). No inhibition of amylase release stim- 
ulated by substance P, cholecystokinin 8, vasoactive intestinal 
polypeptide, 8-bromo-cAMP, or A21837 was evident at the 
concentrations tested (Table 11). The dose-response curve for 
bombesin-stimulated amylase release was shifted in a parallel 
fashion to the right by increasing concentrations of either the 
13-14 (data not shown) or 9-10 bond replacement peptide. 
Schild plots for both peptides demonstrated a slope not sig- 
nificantly different from unity with a fC« of 22 ± 6 nM for the 
13-14 and 473 ± 60 nM for the 9-10 bond replacement 
analogue. 

The antagonist activity of (Leu"-^-CHjNH-Leu"]bom- 
besin was also examined in a totally different biological sys- 
tem, murine Swiss 3T3 fibroblast cells, the growth of which 
is stimulated by bombesin agonists (22) and which are known 
to contain bombesin receptors (23). Excellent inhibition of 
bombesin-stimulated growth was demonstrated and data from 
three experiments based on ['H)thymidine incorporation are 
shown in Fig. 5. An average ICu of 18 nM (Table III) was 
obtained from these experimenU, which agrees very well with 
that derived from the acinar cell system. For comparison, a 
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Table II 

Effect 0/ fUu^-^-CH^NH-Uu"]- and fAla'-^-CHiNH-Val^, Uu**Jbombetin on guinea pig pancreatic acinar 

omytof releate stimuiated by various agents 





Alone 


■H)JmM3-14 


+10 mu 9-10 




3.9*0.7 


% total' 
4.1 ± 0.3 


4.0 ± 0.2 


Bombesin (0.2 nM) 


17.1 * 2.3 


4.3 ± 0.3' 


6.1 ± 1.0» 


Substance P (3 nM) 


10.3 ± 1.1 


10.8 ± 0.3 


11.2 ±0.7 


Cholecyttokinin 8 (0.1 nM) 


35.6 ± 2.2 


33.9 ± 2.1 


36.7 ± 3.0 


Carbachol (10 mM) 


28.4 ± 2.2 


28.0 ±2.9 


30.0 ± 3.6 


Vasoactive intettinal polypeptide (0.1 nM) 


20.2 ± 2.4 


20.4 ± 0.9 


22.1 ± l.l 


8-Bromo-cAMP (I mM) 


24.0 ± 2.1 


23.8 ±2.5 


25.1 ± 7.3 


A21837 (3 mM) 


13.2 ± 1.9 


12.3 ±0.3 


13.0 ±1.3 



* Results Bie the means ± S.E. fh>m five separata experimenU. 
*p< 0.01 compaied to bombesiii alone. 



Table III 

CompaHton of the effectiveness o/ inhibition of 3T3 cell growth by tu 



Peptide 


IC» 






lD-Phe"]Bombe8in 


>S000 


iD-Arg", D-Pro*, D-Trp", Leu") 


2900 


Substance P 




[Leu".*.CH,NH-Leu")Bombesin 


18 ±12* 



* Calculated from the data shown in Fig. 5. 




ANALOG DOSE (nM) 
Fio. 5. [Leu"-^>CBiNH-Leu'*]BombMia inhibition of bom- 
beain-atimulat«d (*H1thymidine incorporation into murine 
Swiaa 3T3 oeUa in culture. Values are the means from three 
experimenU ± standard error. 



suDstance P receptor antagoniBt exhibited an ICm of 26O0 nM 
and our previous (D-Pbe"]bombe8in antagonist was not ef- 
fective at concentrations up to 5000 nM. 

DISCUSSION 

Although modifications to a peptide bond have long been 
considered an interesting approach to structure-activity rela- 
tionships, it was not until recently that the chemistry for 
introducing one of them, the CHjNH group, waa simplified 
by adapting it to rapid solid-phase methods (12). Therefore, 
we are only just beginning to build a sufficiently large data 
base for this type of analogue with which to eventually derive 
some indication of what can be expected in terms of effects 
on biological activity generally. Thus far, reduced peptide 
bond somatostatin (10), gastrin (9), and bombesin analogues 
have not yielded any compounds with increased biopotency 
caused by increased receptor affinity. Likewise, in a reduced 
peptide bond series of luteinizing hormone-releasing hormone 
(LH-RH) antagonists (24), no analogues were found with 
improved antagonist activity. On the other hand, both the 
gastrin and the present bombesin studies resulted in the 
discovery of more than one antagonist analogue in each case. 
It is tempting to conclude, therefore, that this may be the 
design approach of choice for antagonist discovery. 

Generally, the tendency for loss of potency in a peptide 
agonist series is probably explained by the profound effects 
which elimination of a peptide bond CO group will have on 
conformation due to both loss of a potential intramolecular 
hydrogen-bonding point and increased rotation about the C- 
N bond. In a folded peptide conformation, hydrogen bonding 
is a prime factor stabilizing the structure and in our previously 
reported somatostatin octapeptide series (10), for which much 
physicochemical data existed, replacement of hydrogen bonds 
not involved in this process tended to retain the most activity. 

With [Uu"-^CH,NH-Leu»]bombe8in it is entirely pos- 
sible that the 13-14 peptide bond CO group, although clearly 
not necessary for binding, is directly responsible for triggering 
the receptor response. However, this does not account for the 
antagonist activity also produced by 9-10 bond replacement. 
We suggest that another explanation could reside in destabil- 
ization of a folded, extensively hydrogen-bonded conforma- 
tion similar to those present in somatostatin analogues (25), 
LH-RH (26), and several other peptides. Fig. 6 attempts to 
show this. We have placed the beginning of a /S-turn at Val'" 
80 that Gly" occupies a pivotal position. The rest of the chain, 
modeled on the known solution conformation of conforma- 
tionally restricted somatostatin octapeptides (25), is arranged 
in the form of an antiparallel /S-pleated sheet. It should be 
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Fig. 6. PoMible conformaaon for the COOH-terminal oc- 
tapeptide ragion of (Len"]bombe«in with a type n' ^-bend 
involving tb« Val-Gly-Hl»-l«u t«trapeptide. Caibonyl groups 
(*) which produce antagonista when replaced by CHj and putative 



noted that Gly*' in bombesin can be replaced by D-Ala with 
complete retention of activity, which prompted Rivier and 
Brown (13) and, more recently. Erne and Schwyzer (27) to 
discuss a similar fi-hend. Also, the /S-benda in somatostatin 
and LH-RH are similarly characterized by residues (Trp and 
Gly in positions 8 and 6, respectively) which can be replaced 
by D-amino acids with, in these cases, actual improvements 
in potency. In the ^-pleated sheet area of the model, hydrogen 
bonding between the Leu"-Leu"-CO group and the Ala*- 
Val'°-NH group assumes some importance and we propose 
that iU destruction in the 13-14 analogue could result in a 
conformational shift responsible for loss of biological activity. 
Additionally, the 9-10 NH group would be adjacent to the 
Ala'-CO group which, when replaced by CH, also resulU in 
an antagonist It is thus conceivable that the same hydrogen 
bond could also be inhibited by the 9-10 peptide bond replace- 
ment since bond angles and rotational freedom would all be 
significantly affected. Also noteworthy in relation to this 
model are the loss of activity caused by replacement of the 
Trp*-CO group which, could also be involved in another 
hydrogen bond, and the previously described importance of 
the COOH-terminal amide (13) which would also contribute 
to the same interaction. There is also loss of activity, although 
much less dramatic, associated with the Val"-CO replacement 
which constitutes part of the hydrogen bond integral to the 
/8-bend. It should be emphasized that no direct physicocbem- 
ical evidence from solution studies exists to support this 
hypothesU and, indeed, a recent infrared ^>ectroscopic stu^ 
of bombesin in phospholipid bilayer membranes (27) points 
to a a-helical structure in this environment However, as Erne 
and Schwyzer (27) point out the helical structure of the 
membrane-bound peptide could actually facilitate a second 
conformational transition caused by interaction with the 
receptor which could well involve the proposed /3-tum and 
hydrogen bonding points. In any event, the model does provide 
a useful starting point for the design of additional, confor- 
mationally covalently restricted linear and cyclic analogues 
in the future. 

An addiUooal advantage to this type of analogue design 
strategy appears to lie in the absence of multiple side chain 



modifications which are so often needed for development of 
potent antagonists by standard approaches. This can often 
result in the introduction of undesirable properties, such as 
the loss of specificity with the substance P antagonists (7), 
introduction of enhanced histamine releasing activity with 
the LH-RH antagonists (28), and the poor solubility proper- 
ties of the [D-Phe"]bombesins. In contrast, both of the pres- 
ent antagonists exhibited physical properties almost identical 
to bombesin and thus far both appear to be highly speciflc for 
bombesin receptors. 

It is encouraging that the high antagonist activity of fLeu"- 
if-CHaNH-Leu'^Jfaombesin extended to an assay system ex- 
amining bombesin-stimulated cellular growth where it is 
about 200 times more potent than the substance P inhibitor 
spantide, which is the only other compound reported capable 
of blocking the actions of bombesin in the 3T3 cell system. 
This indicates that there are no significant differences in 
receptor recognition requirements between acinar and 3T3 
cells and suggeste that the probability of this antagonist 
inhibiting bombesin-stimulated growth of human small cell 
lung carcinoma strains should be quite good. The development 
of a bombesin receptor antagonist with useful therapeutic 
properties may require additional synthetic work aimed at 
improving receptor affinity even further and particularly at 
improving tn vivo pharmacokinetic properties. The present 
compound offers an excellent lead structure for this type of 
research. 
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I, Introduction 

Bombesin (BN) and iis natural analogue alylesin 
(AN) arc teirada-apepiides isolated in 1970 from the 
skins of the European discoglossid frogs Bombina bom- 
biiia, Bombiim tvriegiiKi and Alyies obsiciricans (1). 
Other BN-like peptides are present in amphibian skins, 
the most representative being litorin (LN) 12], ranatensin 
(RN) (31 and phyllolitorin (PN) [4]. On the basis of their 
chemical structure and differential receptor affinity 
these peptides have been subdivided into three sub- 
families; hombesin/alytcsin, litorin/ranatensin and phyl- 
lolitorin. So far. mammalian counterparts have been 
found only for the first two subfamilies: gastrin-relcas- 
ing peptide (GRP) [5] and neuromedin B (NMB) [6), 
respectively. GRP exists also in a shorter form. GRP- 10 
or GRP( 18-27) (formerly neuromedin C. NMC) (7]. 
Recently, however, an amphibian GRP has been iden- 
tified 18|, which puts the present ctassilication into 
question. There is some evidence for the presence of a 
phyllolitorin-likc peptide in extracts of lymphoblasis 
from human leukemic bone marrow [9] and in certain 
human small cell lung cancer (SCLC) cell lines [10). The 
sequences of these peptides are shown in Table I; the 
human GRP and NMB structures are reported [11,12]. 

Binding studies with diPTerent BN-rclaied peptides 
suggest thai there are at lc;isi two disiinel BN receptor 
subtypes; a receptor with higher affinity for GRP and BN 
than for NMB (GRP-prcferring bombesin receptor. 
GRP-R) and a receptor with higher affinity for NMB than 
for either GRP or BN (NMU-prefeaing bombesin recep- 
tor; NMB-R) (13 19]. More recently, evidence for the 
existence of a separate receptor for phyllolitorin has been 



put forward (20). and a novel bombesin receptor subtype 
(BN receptor subtype 3; BRS-3) has been cloned [21], 

Bombesin receptors, like the receptors for other neu- 
ropeptide mitogens such us angiotensin, cndothelin 
(ET), substance P (SP) and substance K, arc members of 
the G protein-coupled receptor family which are charac- 
terised by having seven transmembrane domains which 
cluster to form the ligand-binding pocket. Among the 
early events following BN binding in 3T3 cells are rapid 
activation of the phosphatidylinositol (PI) turnover and 
Ca- ■ mobilisation, stimulation of protein kinase C 
(PKC) and phosphorylation of an acidic M, 80000 
cellular protein, ;md epidermal growth factor (EOF) 
receptor transmodulation [22]. Tyrosine phosphorylii- 
tion of a 1 15 kDa protein (pi 15) [23,24] and a 90 kDa 
protein (p90) [24) has also been observed. 

The wide spectrum of biological activities of BN-like 
peptides has been extensively reviewed [25-29]. These 
activities include regulation of the release of gastrointes- 
tinal peptide hormones, stimulation of secretion by 
various exocrine glands, contraction of smooth muscu- 
lature, and effects on the central nervous system (CNS). 
In addition, they can function as growth factors io Swiss 
3T3 murine fibroblasts and have been implicated as 
autocrine growth factors in the pathogenesis of some 
human small cell lung carcinomas. 

Whereas a number of BN analogues have been syn- 
ihesised and the structural requirements for agonistic 
activity defined [30-32], no specific BN-receptor antag- 
onists were known until quite recently. The search for 
such antagonists was stimulated by the finding that 
BN-like peptides could play a role as autocrine growth 
factors in promoting the growth of small cell lung 
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Bombesin (BN) ID Qp Gti Arg Leu Cy Asn On Tip Ail Vil Cly His Leu Met NH, 

Al>lein(AN)(1) CIp Gly Arg Leu Cly Thr Cln Trp AU VjI Cly His Leu Mel NH, 

HuminBaslrin-releasing peptide (h-CBP)!! 11 R Tyr Pro Aig Cly Asn Hit Trp All Vil Gly His Uni Met NHj 

I CRP-10. NMC 1 

Ljtonn(LV)[2) GIp On Trp Ab Val Cly His Phe Met NHj 

Rimlensin(RN)(3) CIp Va! Pro CIn Trp Ab Val Gly His Pht M« NH, 

Hunun neuromedin B(h-NMB)|U1 R' Hi» Sec A»g Cly Am leu Trp All Tlir Cly His Pht Met NHj 

I NMB-IO 1 
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acid residues difTercni Irom bombesin .irc in bukl i}pc. 

s and by the poicntiii! of these antagonists in the 
hese tumours (33-35). The medical imer- 
cst in these antagonists was further enhanced with the 
subsequent discovery of a possible autocrine/paracrine 
role of BN-like peptides in other tumoural forms, such 
as cancers of the breast [36,371. colon 138.39]. pancreas 
[40-421, and prostate [43). 

A number of receptor aniagonUls for bombesin-lilce 
peptides have been synihesised and assayed both in 
vitro and in vivo in different test preparations and 
animal species. The.se antagonists can be classified in 
different groups according lo (heir chemical slruciure 
Some of them have already been reviewed (44-47|. and 
will not be mentioned here exccpi for a ■fhori introduc- 
tion anil for new studies. The present review covers the 
literature until the end of 1993. 



2. Bombesin receptor antagonists 

2.1. Substunctf P -derived tmlagonists and SPjBN 
hybrids 

2.1.1. Siihslance P aiuiloniw.s 

The history of bombesin receptor antagonists began 
in 1984 with the discovery that ihe subslance P receptor 
antagonist (D-.'\re'.D-Pro-.D-Trp"'.Lcu"lSP was able 
to reverse, in a competitive manner, the BN-slimulaied 



release of amylase from dispersed guinea-pig pancrealic 
acini [48]. Since then, other multiple D-amino acid-sub- 
stituted analogues of SP. SP(4-I1) or SP(6-I1) have 
similarly been found to behave as competitive BN 
receptor antagonists. However, all these peptides suf- 
fered from lack of potency (activity in the O.I-100;/M 
range) and selectivity, antagonising also Ihe elTects of 
vasopressin and angiotensin. The literature on (his class 
of BN antagonists has been covered to mid- 1990 by 
Houben and Denef |46|. Structures of the analogues 
discjs.scd in ihis review urc reported in Table 2. 

In murine Swiss 3T? cells, [D-Arg'.fJ-Phs'.D- 
Trp'''.Leu"lSI' (2). at 10 fiM concentration, was found 
to completely inhibit Ca' * mobilisation induced by 10 
nM bradykinin. cholecysiokinin (CCK), arginine-vaso- 
pressin (.A VP) and galanin. and by 2 nM GRP and 
neurotensin I49|. Under the same test conditions, 
IArg».D-Trp",MePhe»]SP(6-ll) (5) had potency simi- 
lar to antagonist 2 in competitively inhibiting vaso- 
pressin-stimulated DNA synthesis. However, it was a 
less potent antagonist of GRP and bradykinin in these 
cells and did not block the ciTccts of other mitogens 
[491. In SCLC cell lines, antagonists 2 and 5 almost 
completely suppressed the growth of cell lines H345 
and H69 in liquid culture, with half-ma.\inial inhibition 
of growth at about 20 /jM. The antagonism was re- 
versible. In the elonogcnic assay (cell line H5I0.A) both 
antagonists inhibited colony ibmiation in a dose-depen- 
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dcnl manner, but antagonist 2 was slightly more potent 
than 5. Both antagonists, at 10 //.VI. inhibited Ca'* 
mobilisation due to 10 nM bradykinin, CCK and vaso- 
pressin (cell line H510A). At ihc same concentration 
each antagonist inhibited the elTect of 2 nM GRP. 2 
nM neurotensin and 10 nM galanin (cell lines NCI- 
K34S and NCNH69>, although incomplete suppression 
of responses was seen with antagonist 5 at this dose. As 
in Ihc model Swiss 3T.^ cell system, less antagonist was 
required to block Ca- ' mobilisation than miiogcnesis. 
Moreover, the inhibition of SCLC growth induced by 
antagonist 5 could be reversed by washing the cells, but 
not by the addition of these agonists at 100 nM concen- 
trations (49). (However, 200 nM galanin was subse- 
quently reported to reverse the inhibitory cfTeci on 
SCLC colony formation induced by 20 ftW antagonist 
5 [50]). The potency of these two antagonists contrasts 
with the weak etTects of other SP antagonists in SCLC. 
The fact that antagonist 5 is about lO-foId less potent 
than antagonist 2 in blocking BN.'GRP-mediaied miio- 
gencsis but is almost as potent as 2 in inhibiting SCI.C 
proliferation, and that their antagonism in SCLC is not 
reversed by BN. suggests that the mechanism of the 
inhibitory action of 2 and 5 cannot be ascribed solely to 
the interruption of a UN-driven autocrine loop, but 
rather to multiple autocrine or paracrine loops and 
posiiibly to an as yet unidentified neuropeptide growth 



factor. These considerations have lead to the proposi- 
tion that broad-spectrum antagonists, such as antago- 
nists 2 and S, could constitute a logical new approach 
to the treatment of complex tumours in which multiple 
growth factors are known to interact to stimulate pro- 
liferation [51], as recently evidenced for antagonist 5. In 
fact, this antagonist, given peritumounilly once a day 
for 1 week to nude mice bearing fragments of NCI-H69 
SCLC xenograft implanted for 6 weeks (when the tu- 
mours had reached a mean volume of 30 mm'), pro- 
foundly inhibited the growth of the tumour beyond the 
duration of administration. Moreover, antagonist 2, at 
10 /(M, compleiciv abolished the Ca-* mobflising ef- 
fect of 100 nM BN in SCLC cells, and that of 1 nM but 
not 100 nM BN in Swi.ss 3T3 cells. The antagonist at 
this concentration effectively inhibited the miiogenic 
action of 1 nM BN in Swiss 3T3 cells; however, much 
higher doM:s ( - 100 //.M) were needed to inhibit DNA 
synthesis in SCLC cells. In addiuon. the anugonist 
inhibited DNA syntheses with a similar dose depen- 
dency both in BN.fGRP-nonproducing and -producing 
cells. These results indicate that BN/GRP and other 
calcium mobilising peptides (such as tachykinins) do 
not always act as growth factors in SCLC cells, and 
ihal the BN antagonist could inhibit growth of SCLC 
cells through a mechanism other than BN antagonism 
|52]. In human lung tumour cell lines, antagonist 2. as 
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well as LLBN (see Section 2.4.1). inhibited Ca=- re- 
sponses stimulated by GRP (SCLC), NMB and phylloli- 
torin (both SCLC and KSCLC) [20]. .Antagonist 2 also 
blocked the calcium response to BN. bradykinin and 
AVP in several human SCLC cell lines, but had only a 
partial inhibitory effect on the calcium response induced 
by CCK-8. A 20-rold higher concentration, however, was 
required to inhibit [^Hlthymidine incorporation, indicai- 
ingonce again lha( ihere is no direct correlation bciwccii 
peptide elTecis on Intracellular calcium and cell prolifer- 
ation [53). The broad spectrum of action of this class of 
antagonists was further extended with the discovery that 
antagonist 2 blocked binding, Ca- * -mobilising and 
mitogenic elTects of endoihelin and vasoactive intestinal 
contractor (VIC) in mouse 3T3 cells (54), while (D- 
Arg',D-Trp'',Leu"]SP{l) inhibited naloxone binding lo 
mouse spinal cord and brain membranes, and its anli- 
noceptive effects (i.t. and i-cv.) were antagonised by 
pretreaiment with naloxone [55]. 

Anugonlst 1. [D.Arg'.D-Pro-.D-Trp".Leu"lSP 
and aniagonisl 2 inhibited in a dosc-dependent manner 
the growth hormone (GH) release from rat anterior 
pituitary cells stimulated with 2.08 x lO"* M His-D- 
Trp-Ala-Trp-D-Phc-Lys-NHj (a synthetic GH releasing 
peptide, CHRP) with ICjo's of 0.2. 0.85, and 6 /(M. 
respectively, but had only a 10- 1 S% inhibitory effect on 
the GH release stimulated with 3.71 x 10 ' M rGHRH 
(the natural rat GH releasing hormone) 156). 

In anaesthetised dogs, antagonist 3 inhibited the dose- 
dependent increase of pancreatic protein secretion in- 
duced by GRP (i.v.). The fact that a similar inhibition 
was observed also v^iih a CCK antagonist, suggested that 
GRP-stimulatcd secretion was. ai least in pan. mediated 
by endogenously released CCK |57]. 

In the human breast cancer cell line MCF-7 both 
antagonists 2 and 3 antagonised BN-stimulaled inositol 
lipid hydrolysis, us did the selective BN antagonist 
(Leu'V(CH2NH)Lcu")BN iLLUN) (see Section 2.4.I.). 
However, antagonist 2 (60 and 80 uM) also exhibited 
considerable agonist activity which wa.i not aniagoni.sed 
by LLBN. Indeed, a subthreshold dose of antagonist 2 
(40 /<M) in the presence of LLBN ( 10 //M) potentiated 
the inositol lipid hydrolysis response. BN. GRP. LLBN 
and antagonist 2 inhibited 43 pM ("*I1GRP binding lo 
MCF-7 cells with ICm's of 150 pM. 150 pM, 150 nM and 
600 nM, respectively. These data are consistent with the 
presence of separate receptors or binding sites for BN and 
SP analogues, which are coupled to a common signal 
pathway in human breast cancer cells [58]. 

On rat pancreatic tissue, where IJN/GRP have higher 
affinity than NMB for BN receptor.s. both (D-ProM>- 
Trp'-'-'lSP (4) and amagonisi I (unctioned as agonist-s 
at concentrations > I ftM. On rat oesophageal muscle 
strips (where the BN receptor has higher affinity for 
NMB than for BN, GRP and NMC) neither antagonist, 
at concentrations up to 100 ft M. caused muscle contrac- 
tion. However, they were the mo.si potent antagonists for 



inhibiting 3 n.M NMB-siimulaicd oesophageal muscle 
contractions, with ICjo's of 9±1 and 35+12 /iM, 
respectively. Other BN-rclated antagonists (except 
n"yr*,D-Phc'-)BN) showed no Inhibition up to the max- 
imal doses tested (59]. 
2.1.2. Substance Pibomhesin hybrids 

Structural features responsible for the lack of selectiv- 
ity were examined after the preparation of two mixed 
BN/SP sequences [60]. [D- rrp'Mj:u'*JSP(1-4)BN(8- 
14) (6) retained some bombesin antagonistic acii\-iiy on 
guinea-pig pancreatic acini (IC*, of 10 /iM; concentra- 
tion of agonist not reported): however, the presence of 
the SP amino terminus did not produce any affinity for 
SP receptors. BN(l-7)-D-Trp-Phe-D-Trp-Lcu-Mct- 
NH2 (7), containing a bombesin amino terminus and an 
SP-antagonist carboxyl terminus, was an antagonist of 
both BN and SP (ICjo of 10 and 2 //M, respectively: 
concentration of agonists not reported). Therefore, it was 
concluded that receptor selectivity and recognition re- 
quirements for both receptor types reside totally in the 
carboxyl-terminal pentapeptide regions of each peptide. 

In the search for more potent and specific BN receptor 
antagonists us antimitogenic agents in SCLC tumours, a 
series of carboxyl-terminal BN analogues (from 8 to 14 
amino-aeid residues), incorporating some of the charac- 
teristic features ofSP anugonists, were synthcsised and 
screened on 3T3 fibroblasts [61]. Antagonists 8- 1 1 
inhibited ['"1]GRP (0.2 nM) binding with ICjo's of 
6.0 ± 1 .7, 4.0 ± 0.5. 5.3 + 0.2 and 3.8 ±0.8 /iM, respec- 
tively; slightly better than antagonists I and 3 under the 
same experimental conditions (IC^„'s of 11.1 and 14.0 
nM. respcrtively). All six antagonists were practically 
equipotcnt in inhibiting DNA synthesis (IC^, - 5 //M) 
induced by 25 nM BN. Antagonist 8. at a 5 //M 
concentration, significantly antagonised rat urinary blad- 
der contraction (in vitro) induced by 5 nM BN. Al a dose 
of 10 /<g/ral i.e. v.. antagonist 8 also significantly antag- 
onised the grooming behaviour induced by 0.01 //g BN, 
without any of the toxic effect.s obser\ed with spantide 
(antagonist I) (62]. However, at a 1 /(M concentration, 
the compound only marginally reduced amylase secre- 
tion from dispersed rat pancreatic acini induced by 0.3 
nM BN. as obser^'ed also for the other members of this 
series of hybrid peptides. In view of their poor receptor 
binding affinities and antimitogenic actirilies in 3T3 cells, 
none of these derivatives was considered worthy of study 
in SCLC cell lines or in stfleclivity tests versus other 
neuropeptides |61]. 

2.2. BN aniugonisis by inoJiJicuthns ai positions 
10 12 and 14 

2.2.1. ID-Pbt'-jand [des-His'^IBN analogues 

|D-Phe"]bombesin analogues were the first BN-re- 
laled peptides that functioned as selective receptor antag- 
onists. (D-Phc'-,Leu' ]BN being the prototype |63). 
Other D-amino acids were subsequently introduced in 
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position 12, alone or in combination with other modifi- 
cations in other pans or the molecule, but. as already 
reviewed, the efliracy of all these derivatives was limited 
by low solubility and potency [45,46]. Among the new 
findings. Tourth ventricular injection of 25 ng (D- 
Phc'*,Lcu'*)BN reliably faciliiateil milk intake in nondc- 
prived rats (suggesting that endogenous BN-likc peptides 
contribute to the terminaiion of feeding) (64]. Another 
analogue, (D-Phe"]GRP(lS-27) (corresponding to 
[His',D-Phe'^BN(5- 14)). was found to redtice to 15.4% 
the release of insulin from isolated canine pancreas 
stimulated by 1 nM GRP(18 27). when pre\'iously 
infused at a 10 /iM concentration |6SJ. 

Just as replacement ofHis" by D-amino acids gave rise 
to derivatives with antagonistic properties, so did its 
deletion (66], On Swiss 3T3 fibroblasts, two alyiesin der- 
ivatives, lHoc-Thr*.dcs-llis'-lBN(6-14) and [Thr'.des- 
His'-]BN(6-14), were practically devoid of agonistic 
activity, but inhibited l'='l)GRP binding (0.2 nM) with 
much higher affinity than (D-Phc'-.Leu'-'JBN (IC5„s of 
I.(X)zO.I and 3. 19 ±0.21 //.M, respectively, versus 
22.8 = 8 //M). Furthermore, they also inhibited, by 
53 ± 14 and 32 ± 9%. respectively, the incorporation of 
['Hlthymidine induced by 25 nM bombesin. Under the 
same experimental conditions p-Phe".Lcu"]BN did not 
show any antagonism. In addition, lBoc-l"hr*,des- 
His'^BN(6 - 14). at a concentration of twice it.-; binding 
IC50, inhibited, by 84%. inositol phosphate production 
induced by 5 nM bombesin (the other analogue was not 
tested). 

2.2.2. lAl<i"'Jt}N aititlogtifx 

Replacement of Val" of GRP-10 (corresponding to 
Val" of GRP or Val'" of BN) by Ala also gave rise to 
BN iweptor antagonists. fAla*)GRP-10 was shown to 
inhibit insulin secretion iiUmulaied by GRP-10 in a 
dose-depcndcnt manner both in vivo and in vitro. In the 
dog the inhibition was almost complete at a dose 1 00 times 
higher than that of GRP-10 [67]. By prior infusion of 10 
and 100 nM. the analogue reduced to 85.2 and SS.OH. 
respectively, the insulin release from isolated canine 
pancreas Induced by I nM GRP-10 (65]. Glucagon 
secretion was inhibited only in vivo [65.67] while the 
stimulation of gastrin secretion w as potentiated, suggest- 
ing the presence of different types of receptors for BN-like 
peptides on gastric G- and pancreatic B-cells (67). 

2.2.3. ID-Pro" j and [D-TU "]BS analogues 

Very recently, a scries ofsidechain restricted analogues 
of BNreceplor agonist [D-Plic".I.cu"]BN(6-14)(equipo- 
tent with BN ) has been prepared. Only alteration of Gly' ' 
eave rise 10 antagonists. Among these, [D-Phe*,D- 
Pro".Leu''lBN(6 14) and [D-l'hc',D-Tic".Leu'-']BN- 
(6-14) ( ric= l,2.3.4-teirahydroisoquinolinc-3-carboxy- 
lic acid), in the dispersed rat pancreatic acini test, 
inhibited both l'=M-T>r']BN binding (!Cj,;s - 100 nM) 



and 0.3 nM BN-stimulated amylase release (ICjo's -400 
nM). The antagonism was competitive and highly selec- 
tive for GRP receptors [68]. 

2.2.4. (a'Phe'*)BS analogues 

Another bombesin analogue containing a conforma- 
tionally constrained C-ierminal dehydrophenylalanine 
methyl ester, AcfD-Phe*,A-Phe'-']BN-OMe, wasshown to 
be a competitive BN-rcceplor antagonist in mouse pan- 
creas (PI turnover), with a Aj of 0.78 nM (concentration 
of labeled ligand no! reported) [69|. 

2.3. [DLs Met'*)BX umilogucs 

'Phis class of bombesin receptor antagonists was inde- 
pendently developed by several research groups, based on 
previous knowledge thai receptor antagonists of chole- 
cystokinin or gastrin could have been obtained by 
removal of their C-terminal amino acid residue [70.71] or 
bv restoring its side-chain by an alkylamide [72] or ester 
[73]. 

2.3.1. FlCE's pwducis 

During a structure-activity study carried out at Farmi- 
lalia Carlo Erba(FlCC), mainly on the carboxyl-terminal 
nonapcptide of alytesin (that differs from bombesin only 
in having the Asn'" residue replaced by Thr), and which 
was addressed particularly at the mitogenic effects, it was 
found that removal of Met'* markedly impaired bioaciiv- 
ity (Table 3) [66]. On Swiss 3T3 cells peptides 12-15 
displayed some binding affinity for BK receptors but, at 
concentrations up to 5 //M, the same peptides did not 
stimulate thymidine incorporation. Moreover, they nei- 
ther induced phosphorylation of a pi 15 protein associ- 
ated with the BN receptor, nor stimulated inositol 
phosphate production (not shown). In competition exper- 
iments, peptides 12 15 (but not peptide 16) at 5 ^M 
concentrations were able to inhibit thymidine incorpora- 
tion induced by 25 nM BN. Peptide 16, alone, stimulated 
both thymidine incorporation and pi 1 5 phosphorylation, 
suggesting that a pentyl amide residue could replace 
Met-NH, without loss of activity (in other words, a 
carboxyamide group is not required in position 14 of 
bombesin). Therefore, the weak antagonism of peptides 
14 and 15 could be ascribed to the concomitant presence 
of a Dnp-protected His'- residue. In addition, peptides 
13-15 (peptide 12 was not tested), at concentrations of 
twice their binding IC,„'s, inhibited by 91, 87 and 82%, 
respectively, the inositol phosphate production induced 
by 5 nM BN [66]. 

2.3.2. Coy's products 

Almost ai the same time, a scries of des-Met '■* bombesin 
derivatives (terminating either as primary or secondary 
amides, alkyl esters or hydrazides) were developed by Coy 
at Tulane University. As they have already been reviewed 
[44_47], they will be only briefly summarised here. While 
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K and biologiiul aciiviiie. of nCt s |<le!-Mci'*|BN analogwa in Swiss }T3 fibroUasls [66) 



fUsnCRP binding 
ICM(nM) 



Inhibition ()< PHldiymidinr 
inwrpw u ion induod bjr 
25n».< BNalSpM peptide 



12.6 « 06 
566x128 



Residues identical lo the parent compound are represenled by i line. 

[des-Mct''']BN amide was as poicm an antagoaisi as 
tLeu'V(CH2NH)Leu''')BN (ihc prototype of another 
class of receptor amagonisl discussed in Section 2.4.1.) 
in inhibiting amylase release froiti guinea-pig pancreatic 
acini, shortening of the peptide length at the amino-icr- 
minus, as in BN(6-13)ainidc, resulted in a 20-fold 
decrease in potency. However, the substitution of Asn' 
with D-Phe compensated for the shortening of the 
peptide sequence: (D-Phe*]BN(6-13)amidc was even 
more potent than UN( I - 1 ?)amide in inhibiting 50 pM 
('"l-Tyr-']BN binding and 0.3 nM BN-siimulated amy- 
lase release in both guinea-pig psmcreatic acini (AT, and 
ICjo values of 96 ± 21 and 24 ~ II nM vs. 216 ± 30 and 
33 + 10 n.M. respeclively) and rat pancreatic acini (27 ± 6 
and 100 x 20 nM vs. 296 x -S and 2300 + 230 nM. 
respectively), and in inhibiting 50 p.Vl labeled BN binding 
and ('H|th>Tnidine incorporation in 3T3 cells stimulated 
with 1 nM BN (K, and values of 23 ± 1 and 29 ± 16 
nM vs. 226 ±70 and 88 ±21 nM. respectively) [45]. It 
was also observed thai the lequiremcms for position 6 
were not narrow. D-Phe* could be replaced by either 
natural or unnatural aromatic D-amino acids and by 
D-Leu with retention of potent antagonistic activity (74], 
On the basis of ihciic results the (D-Phc'lBNte- 13) 
sequence was selected for studying the effects of deriva- 
tization of the carboxyl-terminal function [73). [D- 
Phe")BN(6-13)propyl amide tinned out to be the most 
potent antagonist, being 30-fold more poleni than 
[Leu'V(CH.NIl)Lcu'-')BN in .^T3 cells (A", of 1.7+0.2 



nM; ICju of 0.8 ± 0.1 nM) and 40-fold more potent in 
guinea-pig pancreatic acini (A; of 5.3+0.9 nM; ICjo of 
1.6+0.3 nM) (concentration of the labeled ligund and 
of the agonist as above) (74,75). The chain length of the 
alkyl amide was crucial for antagonistic.'agonistic activ- 
ity. In fact, while in guinea-pig pancreatic acini [D- 
Phe']BN(6- 13)cthyl. propyl and heptyl amides were pure 
antagonists, the buiyl and hexyl amides behaved as 
partial agonists. In ral pancreatic acini only the ethyl 
amide was a pure antagonist, whereas the propyl and 
heptyl amides behaved as partial agonists, and the butyl 
and hexyl amides as agonists [75). This observation is in 
line with the results of KlCE's Investigators who found 
that the peniyl amide could confer agonistic properties 
to [des-Mec'"jBN analogues [66). Kcplacement of the 
amide by the hydrazide or alkyl esier function also 
resulted in potent antagonistic activity (75J, whereas the 
free add analogue was a very weak antagonist (74), From 
these studies it was also evident that BN receptors in 
different species do not necessarily have ihe same require- 
ments for agonistic activity. For example. (D-Phe*}- 
BN(6-l3)propyl amide was a pure antagonist in Ihe 
Swiss 3T3 and guinea-pig acinar cell preparations [74- 
76], as well as in guinea-pig airways in vivo, in which a 
transient inhibition of BN-induccd bronchoconsiriciion 
waj produced [77]. However, it was a partial aniagoni.st 
in rat pancreatic acini )75,78], in human antral G cells 
(where al 1.0 //M concentration it stimulated gastrin re- 
lease 3-fold over the basal value and only partially in- 
hibited BN-stimulated gastrin release) (79J, and in rats 
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in \ivo (where enhanced BN-provoked giistrin release) 
[80]. On the other hand, this bombesin analogue bound 
to the BN/GRP receptors in the SCLC cell line NCI- 
H720 with an affinity (ICjo. 3 nM vs. 0.25 nM ['"l]GRP> 
comparable lo that of BN and GRP (ICjo's of 1 ami 5 
nM, respectively), and higher than [D-Phe'IBNCfi- 
13)bmyl amide (\Cy^ 5 n.M) and (D-Phe'')BN(6- 
I3)amide UCs,,, 12 nM). Tlwse observations confiimcd 
that the optimal length of the alkyi amide side chain at 
the carboxyl-ierminus of |des-Met'''lBN analogues is 
three carbon atoms [81]. In SCL<: cell lines, at I /iM 
concentration. lD-Phe*lBN(6-l3)propyl amide had no 
effect on cytosolic C»'* but signilkantly antagonised 
the increase in Ca^ ' caused by 10 nM bombesin. In 
contrast, [D-Phe*]BN(6-l3)bmyl amide behaved in the 
same assay as a mixed agonist/antagonist [81]. Both 
peptides inhibited dosc-dcpendently the clonal growth of 
several SCLC cell lines induced by lOn.Vl BN. However, 
at I //M concentration. [D-Phe']BN(6- l3)propyl amide 
inhibited while p-Phe*]BN(6 - 13)butyl amide stimu- 
lated the basal colony couni, suggesting that the propyl 
amide analogue is a better BN receptor antagonist than 
the butyl amide derivatiw, in that it is also able to stop 
the growih induced by endogenous BN.'GRP (81). (D- 
Phe*]BN(6-l3)propyl amide also inhibited radiolabeled 
BN (50 pM) and GRP (20 pM) binding to human colon 
cancer cell line NCI-H716 {K, of 5.9 1 0.8 nM) [39] and 
to .MC-26 mouse colon tumour membranes (lCa> of 
4.5 ±0.5 nM) [76], respectively. Moreover, the peptide 
blocked 50 nM BN-induced growth of the .MC-26 cell 
line (ICjo ~65 nM), but not the growth eflects of 
conditioned medium. This indicated that GRP is not an 
autocrine growth factor for these lumoural cells. This 
was confirmed by an absence of BN-like peptides and the 
GRP gene in these cells [76]. 

The specificity of this class of BN-rcccpior antagonists 
was demonstrated by the Gnding that both [D- 
Phe']BN(6-13)amide and propyl amide completely in- 
hibited amylase release from guinea-pig pancreatic acini 
stimulated by BN. GRP and SMC (which stimulate 
secretion by interacting with bombesin receptors), but 
not by CCK-8, carbamylcholine, SP, vasoactive intesti- 
nal peptide (VIP), secretin, or calcitonin gene related 
peptide (CGRP) (each of which interacts with its recep- 
tor on pancreatic acini), or by TPA or A23I87 which 
stimulate amylase secretion by post-receptor mecha- 
nisms [74]. 

A protected carboxyl-terminus is required for both 
agonistic and antagonistic activity, des-amidaied 
bombesin being at least lOO-fold less potent an agonist 
than bombesin (31,32]. and fD-Phc*lBN(6-13)OH an 
antagonist 40-fold less active than (D-Phe*)BN(6- 
1 3)amide [74]. I lydrazide or methyl and ethyl esters of 
[D-Phe''lBN(6-13) were as potent antagonists as [D- 
Phe']BN(6-l3)propyl amide in guinea-pig pancreatic 
acini and pure antagonists also in the rat pancreatic 



acini, where the last one behaved as a partial agonist 
(75). Unlike the propyl amide derivative, (D-Phe*]BN(6- 
l3)0Mc and [D-Phc*]BN(6-l3)NH-NH,, at 1.0 /<M 
concentrations, did not stimulate gastrin release from 
isolated human G-cel!s but rather inhibited, by 99 ± 2.4 
and 85 ± 3.8%, respectively, gastrin release induced by 
10 nM BN [79J. In isolated rat stomach. [D-Phe*]BN(6- 
13)0Me. at I //M concentration, did not afTect basal 
gastrin secretion but inhibited gastrin release stimulated 
vagally at 10 Hz but not 2 Hz [82]. In unanaestbctised 
rats, the antagonist did not alter basal gastrin, GIP, PP, 
and PYY levels but completely antagonised the release 
of these hormones, through primarily the GRP/NMC- 
preferring receptor |83]. In the SCLC cell line NCl- 
H720. (D-Phe'']BN(6-13)OMe inhibited the binding of 
0.25 nM ['"IjGRP to its receptor *ith an ICj„ value of 
5 nM [81], while in human colon cancer cell line 
NCI-H7I6 it totally blocked, at 1 /iM concentration. 
(Ca- - 1 increase induced by 0. 1 m M [Tyr'JBN [39J. After 
injection in rats, the methyl ester derivative was clcariy 
the most potent antagonist and. at 20 /imol.ltg (i.v. 
bolusK completely inhibited the amylase release stimu- 
lated with continuous i.v. infusion of 2 nmot BN/kg/h 
for 2 h (78]. However, the lack of an effect of this 
BN-receptor antagonist on basal pancreatic secretion, 
on the response to liquid food intake or on the divereion 
of bile-pancreatic juice in rats suggested that endogenous 
BN-like peptides do not act cither directly or indirectly 
to mediate these responses (84). In contrast to that, 
fourth ventricular injection of (D-Phe*lBN(6-13)OMe 
(5 ng). as well as (D-Phc'*.Lcu'*lBN (25 ng), reliably 
facihtated milk Intake in rau by inhibiting satiety in- 
duced by endogenous BN-like peptides [64]. (D- 
Phe'']BN(6-13)OMe antagonised in a competitive 
manner the bombcsin-induccd, concentration-dependent 
contraction of the guinea-pig isolated bladder (GRP-R) 
but failed to inhibit the contraction of isolated rat 
bladder (NMB-R), behaving as a partial agonist [85]. 
The same antagonist inhibited BN-induced guinea-pig 
lung contraction with high potency (in contrast to the 
lower potency of the less specific antagonist 
[Leu'V(CH2NH)Lcu'*]BN), providing ewdence that 
BN-induced bronchoconstriction results from a direct 
eftect of BN on bronchial smooth muscle GRP-prefer- 
rine receptors [86j. In line with these findings, the 
radiolabeled antagonist ['-»l-D-Tyi*lBN(6-l3)OMe was 
recently found to have a > 10000-fold higher affinity for 
GRP receptors (rat pancreatic membranes) than for 
NMB receptors (rat oesophageal membranes). In com- 
parison with the radiolabeled agonist ['"l-TyflBN, 
binding of the antagonist more rapidly reached equi- 
librium and was more rapidly reversible. Unlike ['"1- 
Tyr*]BN. binding of the antagonist was not affected by 
guanine nucleotides and the ligand was not internalised 
(87]. 
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It was suggested thai, although the potency and 
biological half-life of these short BN antagonists 
were significantly improved over that of [Leu'V- 
(CH2NH)Leu"]BN. their degradation rales were still 
quite high. It was thought that [D-Phe»JBN(6-l3)OMe 
derivatives carrying further modifications to the pep- 
tide chain might combine high receptor affinity and 
inhibitory potency with improved enzymatic sta- 
bility. The modifications tested were the replacement 
of Gly" by D-Ala and the introduction of more 
lipophilic residues at the amino-terminus. The new 
analogues, P-Phe»,D-Ala")BN(6-13)OMe, [D-pcn- 
tafluoro-Phe',D-Ala"lBN{6-13)OMeandN'-propionyU 
[D-Ala"lORP(20-26)OMe (corresponding to N'-pro- 
pionyHHis',D-Ala"lBN{7-l3)OMe). behaved as the 
parent compound with regard to receptor selectivity 
(BN vs. NMB) and Inhibition of amylase release from 
and binding to rat pancreatic acini. The most lipophilic 
analogue- (the D-F^Phe derivative) inhibited BN-stimu- 
lated protein secretion in rau to basal values for 15 
times longer than an equivalent dose of any of the other 
three analogues [88]. All of the antagonists of this class 
had significantly higher affinity for the GRP-prcf erring 
receptor subtype than for the NMB-preferring subtype 
in rat brain [89,90). At the GRP-prcferring site [D- 
F<Phe*.D-Ala"]BN(6-13)OMe was the most potent, 
with a of 2 nM vs. 40 pM labeled GRP (89]. The 
same behaviour was also noticed In rat urinary bladder 
membranes, where these antagonists were almost inef- 
fective in displacing radiolabeled [Tyr^Leu'••]BN from 
putative NMB receptor sites [91]. 

In an in vitro binding assay vs. 0.25 nM labeled 
GRP. in the SCLC cell line NCI-H345, [D-F.Phe'.D- 
Ala"lBN(l-13)OMc had an ICs„ value (9 nM) of the 
same order of magnitude as [D-Phc''lBN(6- 1 3)propyl 
amide (3 nM), However, when incubated with Intact 
cells, the two peptides had a quite difTcrcni half-lives 
(1338 and 559 min, respectively) [92]. In the rat brain 
each member of this class of antagonists displayed the 
greatest potency and highest degree of selectivity for the 
GRP-prclcrring subtype over the NMB-preferring one 
[79]. 

Antagonists such as (D-Phe'lBN(6-13)OMe and (D- 
TyT*]BN(6-l3)propyl amide bound with the same high 
affinity (1-5 nM) to both solubilized and cellular BN/ 
GRP receptors on human glioblastoma (U-118) and 
lung carcinoid (NC1-H720) cell lines. On the contrary, 
agonists bound to cellular receptors with the same high 
affinity as antagonists, but with lower affinity to solubi- 
lized receptors [93]. This, together with the observation 
that binding of radiolabeled GRP to purified Swiss 3T3 
BN/GRP receptors was insensitive to guanine nucle- 
otides (contrary to the binding situation in intact mem- 
branes) [94], suggested that a guanine nucleotide 
binding protein had dissociated from the solubilized 
receptors during purification, thus impairing the ability 



of agonists (but not that of antagonists) to bind to 
these receptors [93]. 

Following a similar approach, a series of [des- 
Mctlliiorin (litorin = [Glp*.Phe*|BN(6-l4)) were pre- 
pared [95). The replacement of Phe' in [dcs-MetiLN by 
staiine (Sta = (3S,45)-4-amino-6-methyl-3-hydroxyhep- 
tanoic acid) produced a peptide endowed with antago- 
nistic activity in thymidine uptake (3T3 cells) and 
amylase release (isolated guinea-pig pancreatic acini). 
Surprisingly, the same modification in the bombesin 
sequence resulted in a product that behaved as an 
agonist. The potency of the [Sta'JLN(l-8)NHj was 
further increased by the additional replacement of the 
N-terminal GIp residue by D-Phe or D-p-chloropheny- 
lalaninc (D-Cpa). The two compounds inhibited 
['^qORP binding (concentration not reported) to Swiss 
3T3 cells with values of 7.2 and 4.S nM. respectWely. 
These values are several times lower than the value for 
the corresponding- analogue unmodified in position 1 
{Ki of 150 nM). A similar affinity was retained when 
position 8 was occupied by other uncommon substi- 
tuted y-amino acids. In preliminary experiments in \ivo 
with human SCLC cell line NCI-H69 transplanted in 
athymic nude mice. {Sta"lLN(l -8)NH2, administered 
s.e; around the tumours at a dose of 50 fi$ b.i.d., 
produced a significant reduction of tumour size [95]. 
.Another analogue. [D-Cpa',^Leu']LN(l-8)NHj, in- 
hibited both BN/GRP binding and thymidine incorpo- 
ration in BN/GRP receptor-positive SCLC cell lines. In 
addition, it delayed the growth of xenografts of these 
cell lines in nude mice (showing a cytostatic efTect) 
when administered at a dose of SO /<g twice a day by 
peritumoural s.c. injection. The peptide was ineffective 
both in vitro and in vivo in SCLC cell lines not 
expressing BN/GRP receptors [96). 

2J.3. MS&D s products 

In the meantime, Merck Sharp and Dohme's 
(MS&D) investigators, while elucidating the minimal 
GRP sequence required lor milogenic activity in Swiss 
3T! fibroblasts, had identified A'-acetyl-GRP(20- 
27)amide as the smallest peptide exhibiting full agonis- 
tic acti\ity 197|. This confirmed what had previously 
been obscr\-ed for temperature and glucose regulation 
[981 and gastric secretion [99] in rats. Deletion of Met" 
from ,V-acctyl-GRP(20-27)amide, however, generated 
a peptide which preserved some binding affinity (ICjo 
of 1.57 nM) but did not stimulate a mitogenic response 
[97]. This observation prompted MS&D"s investigators 
to study a series ofcarboxyl-tcrminal esters of iV-acetyl- 
GRP(20 26). Each of the esters proved to be a mito- 
genic antagonist, with the ethyl and propyl derivatives 
having IC^ values of approximately 4 nM in the bind- 
ing inhibition assay vs. 2 nM ['H-Phc'-lGRP(l5-27) 
[100]. Larger aliphatic substituents on the ester linkage 
gave rise to less potent compounds. The ethyl amide 
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derivative of <V-<icctyl-GRP<20 -26) was prepiired lor 
comparison with the corresponding ethyl ester. Despite 
the fact that the carboxyl-terminus of this compound 
more closely mimicked the peptide bond between 
Leu^-Mci^ of GRP. ihe ethyl amide exhibited lower 
aniagonislic potency thim the ethyl ester [100]. The 
same trend, although less pronounced, was observed 
for the pair 1D-Phe'-1BN(6- Ujcthyl amide and |t)- 
Phc''lBN(6-l3)clhyl ester (75]. Also for this new series 
of analogues the methyl ester was again less potent than 
the ethyl ester )I00]. It is wonh noting that Ac- 
GRP(20-26)OEt had been synthesiscd and tested both 
at Tulane University and at MS&D. In the binding 
a.ssi)y will) Swiss 3T3 cells the aflinity values reported 
by the two groups were, respectively, 1.5 nM |75] and 
3.9 nM [100]. This discrepancy, which can perhaps be 
ascribed lo small differences in experimental conditions 
(such as cells, challenge dose of radioligand, etc.) indi- 
cates the difficulties in comparing data obtained from 
different laboratories. .Another striking example is 
[l.cu'V(CII}NH)Leu'''JBN. for which, in the same 
binding a-ssay, IC„. values of 18 nM (Tulane Univer- 
sity) [101]. 190 n.M (MS&D) (lOOJ and 214 nM (FICE) 
[102] have been reponcd. 

In SCLC cell line NCI-H345. Ac-GRP(20-26)OEt 
noi only failed to elicit any calcium response but also 
inhibited [Ca= ' ], increase induced by 100 nM GRP 
with an IC«, of approximately 4(K) nM |IOOJ. Moreover, 
in the ral (he same peptide signiticanily reduced the 
GRP-depcndent release of gastrin [100]. Intractstemal 
administration (I nmol) of Ac-GRP(20-26)OMe, but 
not Ac-GRP(20-26)OKl, reversed the inhibitory eflect 
of an intracistemal injection of bombesin (19 praol) on 
gastric acid output and conccnirution in the ral [103]. 
Both antagonists reduced or blocked the effects of 
BN-related peptides in vitro on GRP receptor systems 
while being completely inactive on rat urinary bladder 
(NMB-R system) [104]. Intravenous administration of 
Ac-GRP(20 26)NHj specifically inhibited GRP-stimu- 
lated insulin and glucagon secretion in mice |I05]. 

Unfortunately. Ac-GRI'(20-26)OLl was found to be 
rapidly degraded by human serum esterases, which 
severely limited the peptide's poientiul clinical utility. 
To overcome this drawback. MS&D"s investigators in- 
troduced modifications to ihe C.'-ierminal portion of the 
molecule, resulting in novel antagonists with improved 
receptor binding polenc7 and antimiiogcnic activity in 
Swiss .^T3 fibroblasts (Table 4) and improved stability 
in human scrum ]I06]. Rcplac-ement of the C-terminal 
carbonyl of Ac-GRP(20 26)Obi (17) by a methylene 
group yielded an ethyl ether derivative 19 which was 
almost as potent as the parent compound in 3T3 cells, 
but completely stable lo degradation in human serum 

Substitution of Gly-^ by D-Ala. which should not 
interfere with the formation of a //-turn (unlike substi- 



tution with I.-Ala), gave compound 22 which had com- 
plete retention of binding and antagonistic activity. A 
similar substitution in ihe agonist sequence Ac- 
GRP(20-27)NHj had a potentiating elTect. On the 
other hand, replacement by L-Ala dramaikrally reduced 
Ihe binding aflinity of both peptides, without changing 
their biological profile (not shown). These results sug- 
gest that a yy-lum structure may be important in high- 
afRnity binding of both GRP agonists and antagonists 
to GRP receptors on murine fibroblasts [106]. 

Replacement of the ether oxygen of the methyl ether 
derivative 18 by a methylene group gave the pair of 
alkyi amide derivatives 23 and 24 in which, depending 
upon the presence of heieroaioms. the stereochemical 
nomenclature is reversed compared to the nomenclature 
of the ether antagonists and Leu=" of GRP itself [106], 
Chain length variation of the alkyI amide slightly 
modified binding and mitogenic inhibition, the optimal 
length being, in ihis case, four carbon atoms. (/J)-Alkyl 
amide derivatives were always more potent than the 
corresponding S isomers. Replacement of the A'-acetyl 
by the A'-pivaloyI group (potentially more stable in 
vivo) gave a compound (29) with similar binding 
affinity and higher antimitogcnic activity [106], The 
ethyl ether (19) and the (/{)-2-mcthyl-4-nonylalky- 
lamide (26) blocked (he GRP-dcpendent elevation of 
(Ca- • J. in SCLC cell line 1 1.345 with ICjo's of 250 and 
150 nM. respectively, when stimulated with 100 nM 
GRP [106]. Similar results were obtained for the pair of 
isomers 23 and 24 in Cos-7 monkey cells [1071. Noi 
surprisingly, compound 26 was ineffective in inhibiting 
the growth of SCLC cell lines NCI-H345, NC1-N592 
and NCI-H69, which were insensitive to stimulation of 
colony formation by ,V-aceiyl-GRP(20-27) [108], In 
rau, the pivaloyi alkyl amide (29) dosc-dependently 
inhibited the NMC-siimulatcd (1 nM) GH and PRL 
release from perifuscd anterior pituitary cell aggregates 
(with ICw's of 0.20 and 0,16 nM. respectively) [109], 
while the ethyl ether (19) reduced in a dose-dependent 
fashion the GRP-induced elevation of serum gastrin 
after i.p. administration fl06). 

2.3A. ICI s prmluctx 

Investigators at ICl obtained potent [des-Mct''']BN 
receptor antagonists as a result of a systematic synthesis 
of truncated and side-chain deletion analogues of the 
Ac-GRP(18 -27) sequence, and from a screening of a 
previous collection of SP analogues. A hybrid between 
the weak SP antagonist (belonging to the class of 
(des..Vlct"]SP) Z-Arg-Pro-L>'s(Z)-Pro-Gln-Gln-Phe. 
Phc-Gly-Leu-OMe and GRP( 18-26) provided the first 
potent specific in vitro BN antagonist, Z-Arg-Pro- 
Lys(Z)-His-Trp-Ala-Val-Gly-His-Leu-0-Me (30) (Table 
5). This had IC^.'s of 2-3 nM for both binding and 
mitogenic assays in .Tr3 cells [110]. Kurther structural 
modifications led to the identification of (CH,)jCHCO- 
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Siructure and biological aclivliics of MS&D's GRP(20 3$) alkylclher ami iiBcylamidc it 
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ion' in^!^l 

:-GRF(?0-37)NHj 



CH:CH(CH)h 
■CH -C-OCHjCHj 



- CHjOCHj 

- CHrflCH^CH, 

- CH ACHrfiCHj 

- CHiCKCH^fcCHICHjh 

- CHjOCHKTHj 

- (CHshCH,(R) 



- (CH,bCHj(S) 
-(CH,),CHj(;t| 

- {C1I,1,CH3(5) 

- (CH:)sCH,(K) 



His-Trp-Ala-Val-D-Ala-llis-Leu-NHMe (ICI 216140) 
(31), which reduced BN-siitnulatcd (5 /Jg-'kg. i.v.) rat 
pancreaiic amylase secretion to basal levels when ad- 
ministered s.c. at 2.0 m&'kg (110). and produced a 
statistically significant inhibition of lurkcy pancreatic 
fluid and protein output when adniinisicred at the dos<r 
of 50 /jg.'kg i.v. 2 min before the stimulation wiih 
6 100 pmol.kg chicken GRP |1 In a study aimed at 
dctining its pharmacological profile, compound 31 was 
also found to inhibit BN-stimulated mobilisation of 
calcium in Swiss 3T3 fibroblasts and conuaction of the 
rat gastric fundal strip, and to atlcnuatc, in rats (up to 
10 fig i.c.v.). the fall in rectal temperature associated 
with bombesin (0.10 ii% i.c.v.). However, it was shown 
not to antagonise grooming/scratching but rather to act 
as an agonist [112]. Antagonist 31. as well iis (D- 
l'lie°JBN(6-I.1K'ihyl amide, competitivi:ly inhibited B.N- 
induced Ca'' mobilisation in SCLC cell line 
NCI-H34S. In contrast, these compounds antagonised 
N'MB-stimuliticd Ca'' transients in a noncompetitive 
manner, thus supporting receptor heterogeneity for 
BN-like peptides in this .SCLC cell line [11.^]. Subse- 



quently, each position of compound 31 was modified. 
Compounds identified in vitro for their ability to inhibit 
0.2-0.4 nM GRP(18-27)-induccd mitogcnesis in Swiss 
3T3 cells were also tested in vivo for their ability to 
inhibit BN-induced (5 //g,'kg i.v.) amylase secretion in 
rats. The Trp-.AIa-Val sequence was found to bo a very 
important feature of the ani;igonisi activity. In con- 
trast, amiiio-acid rcplaccmenis In other parts of the 
moieculc were more tolerated and .^o^lClimes led to 
marked increases in the in viiro and in vivo activity. 
The most potent analogues were obtaiited by replacing 
Leu" by MeLcu and His-* by Lys(X) where X-Z. 
PhCO. I'hCHjCO or Ph{CH2),CO. Thus, 4-pyridylcar- 
bor.yl-His-Trp-Ala-Val-D-Ala-His-Lys(COCHjGHjPhV 
Lcu-NUMe (32) inhibited mitogcnesis with an IC,,, of 
0.0:2 nM. In vivo, compound 32, its Lys(COCH2Ph) 
derivative (33) and 4-pyridylcarbonyl-His- Trp-.Ala-Val- 
D-Ala-Lys(ZKMeUu-OMe (34) had IC*, values of less 
than 20 /igi-lcg s.c. and their effects lasted for more 
than 3 h(ll4J. 

The same investigators, after observing that a num- 
ber of antagonists of both substance P and luteini/.ing 
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.Lys NH 



Residues ideniicai to itie 
•V$ 1.5 nM |'"I|GRP. 
*Slimulaicd *iih 0.4 nM OR n 1 8-27). 
« Slimulaled wl(h 5 /ig BN.kg i.v. 

hormone-releasing hormone (LHRH) were at ihe same 
lime weak antagonists of bombesin, synihesised a few 
hybrids of LHRH and BN/GRP aniagonists |I15]. 
Some of these new analogues, e.g. Ac-D-2-naphthy- 
lalanyi-Pro-D-Cpa-His-Trp-Ala-Val-D-Ala-His-Leu- 
OMe (35), were potent inhibitors of bombesin in the in 
vitro test systems, but were inactive in vivo following 
subcutaneous injection. The high lipophilicity of these 
compounds, due to the presence of very hydrophobic 
and bulky amino-acid residues, and (heir high molecu- 
lar weight, could possibly have prevented them from 
diffusing from the site of injection. It was also possible 
that they were absorbed but excreted very rapidly. In 
fact, one of these derivatives, administered intra- 
venously to rat along with S /ig BN./kg. at a dose ofO.S 
mg;Tcg, inhibited BN-stimulated amyla.se secretion very 
significantly (80%). Further modifications of the N-ter- 
minus of the His-Trp-Ala-Val-D-A!a-His-Lcu hep- 
tapeptide, aiming at reducing size and hydrophobicily 
of the previous derivatives, led to analogues that dis- 
played potent and prolonged antagonist actiWty in 
vivo. One of these. 4-pyridylcarbonyl-His-Trp-Ala-Val- 



ipound are represented by a line: ila. [}-Ala: cpa, D-Cpa; nal, D-Nal. 



D-Ala-His-Leu-OMe (36, IC50 of 0.99 nM in the bind- 
ing assay vs. 0.25 nM labeled GRP). inhibited 
BN-stimulated amylase secretion in rats at dose levels 
ranging from 0.1 to 2 mg/kg s.c. [115]. 

2.4. BN analogues with a reduced peptide bond 

2.4.1. lLeu"^(CHJ^H)Le«"]BN 

The strategy of modifying the peptide bond to obtain 
peptide hormone antagonists was originally applied to 
gastrin analogues, in which an amino-acid linkage (- 
CONH-) was changed into a reduced peptide bond 
(-CHjNH-) [1161. At the lime of its discovery, 
(Lcu'V(CH2NH)Leu'*)BN (LLBN), with a reported 
ICjo value of IS nM for the inhibition of 1 nM BN- 
stimulated DNA synthesis in Swiss 3T3 fibroblasts 
[101], was the first BN receptor antagonisi which was 
active in the nanomolar range. It was hoped, therefore, 
that this product would be the peptide or the lead 
structure for the ireatmenl of human small cell lung 
carcinoma. 
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To explain the mechanism by which [Leu"^- 
(CH;NH)Leu''')BN functions as an antagonist, the au- 
thors referred to the hypothesis that the C-icrminal BN 
sequence exists in a ^-turn conformation stabilised by 
hydrogen bonds (Fig. 1). The switch from agonistic to 
antagonistic activity was consequently ascribed to the 
destruction of the hydrogen bond between the Leu"- 
CO group and the Val'^-NH group. Such a theory also 
explained why [AlaV(CH,NH)Val"'.Leu''')BN behaved 
as a weak antagonist, while other analogues, in which 
the reduced peptide bond is in other positions, did not. 
In this case it is conceivable that the same hydrogen 
bond could also be inhibited by the replacement of the 
9-10 peptide bond since bond angles and rotational 
freedom would all be significantly affected [101]. How- 
ever, conformational studies on bombesin and ana- 
logues favour random coil and a-helix confonnations 
for ihe molecule in solution and in a membrane-like 
environment, respectively [117-120]. Nevertheless, the 
hypothesis of disruption of a stabilised structure still 
holds [121,122]. 

Since its discovery [Leu' V(CI ljNH)Lcu'^}BN has 
been studied by several groups and has proved to be an 
excellent compound for investigating the various cellu- 
lar growth-promoting and neurohormonal effects of 
BN-like peptides. In Swiss 3T3 cells, LLBN blocked 
BN-stimulated DNA synthesis with ICjo values in the 
submicromolar range (18 nM (lOlj; 214 nM [102]; 250 
nM [122]; 240 nM [123]; 199 nM [124]) but not that 
induced by other mitogens such as platelet-derived 
growth factor (PDGF), epidermal growth factor 
(EGn, phorbol-l2,13-dibutyraie, and cholera toxin 
[123]. Unlike substance P antagonists. LLBN failed to 
inhibit mitogenesis induced by btadykinin [125], More- 
over, this antagonist inhibited receptor associated sig- 
nals induced by BN, such as release of arachidonic acid 
[126], and pho.sphorylation of an M, 80000 cellular 
protein [127] (subsequently named M.-VRCKS, Myris- 
loylated AJanine-Rich C Kinii.sc Substrate [128]), as 
well as decreasing the levels of mRNA encoding this 
protein [128], and down-regulating the receptor [129]. 




Fig. I. Possibte conrormaiion of '.h.- C-iennina) BN sequence 
Imodiliol from R-.'f. jlOljl. 



[Leu'V(CHaNH)Lcu"']BN was also able to inhibit 
transmembrane signals associated with autocrine 
growth control in human SCLC. In SCLC cell line 
NCI-H345 the peptide showed high binding afBnity 
with a Ki value of 80.4 vs. 0.05 nM ('=-l-Tyf*]BN [130] 
and displaced 0.25 nM ('"I]GRP with an ICjo of 15 
nM [131] which is similar to that rcponed by Coy for 
Swiss 3T3 cells [10!]. SubsequenUy, this value was 
modified to 30 nM by the same group [132]. In the 
same cell line the antagonist blocked BN-induced PI 
turnover [130,133] and transient increase in [Ca^*]; 
[130-132,92]. The ICjo values reported by the different 
groups are different for the two assays; nevertheless, the 
data suggest tliat there are differences in the sensitivity 
of the antagonist to the various BN-evofc«d responses. 
In vitro, in the donogenic a.ssay, LLBN antagonised 
both the BN/GRP-stimulaled and basal growth of 
SCLC cell lines NCI-H345 192,130,132], NCI-N592 
[131,132,134], NCI-H720 [132], and NCI-H69 [134]. In 
contrast, it did not alter the growth of cell lines NCI- 
H520 (squamous carcinoma) and NCI-H727 (bronchial 
carcinoid) [132). In SCLC ceU line NCI-H345 the an- 
tagonistic potency of the peptide was enhanced by the 
simultaneous presence of the protease inhibitor thior- 
phan, suggesting that the peptide may be degraded by 
endogenous, membrane-associated enzymes. The LLBN 
half-life, after incubation with NCI-H345 cells, was 646 
min; addition of 100 /(M thiorphan increased this value 
to 907 min [92). When injected subcutaneously into the 
tissue adjacent to the tumour, at a dose of 10 AS/day 
starting 1 week after cell implantation, LLBN inhibited 
NCI-N592 xenograft formation in nude mice. The ef- 
fect was dose-dependent, in that 0.1 figlfSay had no 
effect [92,132]. The maximum inhibition value reponcd 
was 72% [132]. In another study, the peptide was given 
s.c, twice a day for 20 days in the contralateral flank, at 
a nominal dose of 100 /<g/day (actual dose: 72 Ag,-'day). 
Treatment started on day 18 when the average tumour 
weight was about 100 mg. Under such drastic condi- 
tions, NC1-N592 tumour growth inhibition accounted 
for only 21% [134]. Biodistribution experiments with 
'"Mabeled LLBN in nude mice showed that only 1% 
of the peptide injected intravenously localised to the 
tumour. Low percentages were associated with other 
organs and tissues, confirming that the peptide under- 
goes rapid degradation [92]. 

LLBN inhibited binding of 43 pM ['"1]GRP to 
human breast cancer cell line MCF-7 with an ICjo 
value of 1 50 nM [58] and binding of - 20 pM labeled 
GRP to mouse colon cancer MC-26 cells with an IC50 
value of 87 n.M [76). In the MCF-7 cell line the peptide, 
at a 1 fiM concentration, had no effect on inositol 
phosphate production and displaced the bombesin 
dose-response curve to the right, resuhing in a tenfold 
increase in the ED50 for bombesin. The increase in 
Ca- ' efllux in response to 10 nM BN was also reduced 
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by approximately 50"/i bv 1 //M LLBN and completely 
blocked at 10 /;M LLBN (58]. In MC.26 cells this 
peptide inhibited the clonal grovrth induced by the 
maximal effective dose of BN (50 nM) in a dose-depen- 
dent manner; in the absence of UN. the peptide had no 
eiTect on clonal growth [76]. It was also demonstrated 
that in several human tumour cell lines. LLBN inhib- 
ited the Ca-* response, induced not only by GRP and 
NMB. but also by phyllolilorin [20]. 

[Leu' XCHjNHjLeu'-'lBN has been tested in several 
other in vitro and in vivo systems, and has proved to be 
an interesting tool for investigating the role of endoge- 
nous BN-like peptides. This peptide inhibited I nM 
BN-stimulated contraction of isolated smooth muscle 
cells from guinea-pig stomach with an IC},, value of 0.8 
nM, and acted as a competitive BN-receptor antagonist 
with a cdlculaiod IC„, value of 70 nM [1.15]. In isolated 
perfused porcine antrum, at 0.5 /iM concentration, the 
peptide inhibited somatostatin and gastrin secretion, 
and abolished the motility induced by both GRP infu- 
sion and vagus stimulation [1.16], Gastric secretion was 
also inhibited in vivo in pentobarbiiul-anaesthetised 
rats in a dose-dependent fashion, exhibiting an IDsq of 
0.66 /»g/250 g [137], In isolated mouse gastric fundus, 
LLBN dosc-dependenlly antagoni.sed BN-induccd inhi- 
bition of both basal and histamine-stimulaied acid se- 
cretion and reduced somatostatin secretion to below ihe 
basal level [138.139]. In isolated vascularly perfused rai 
duodeno-jcjununi, the antagonist was a potent inhibiior 
of BN-stimulatcd CCK release. At 1 //M concentration 
this compound completely abolished the CCK release 
mediated by 1 nM BN, but failed to suppress food-in- 
duced CCK release (140]. In isolated canine G-cells. at 
I /iM concentration. LLBN did not affect basal gastrin 
secretion and completely blocked the BN-activated gas- 
trin secretion over Ihe BN range 0.01 - 1 pM. Inhibition 
of gastrin release induced by 10 and 100 pM BN was 
74.8 and 56,2%, respectively [141]. In brain slices, pre- 
treatmcnt with LLBN inhibited the stimulatory erfecis 
of BN on suprachiasmatic neurons [142], In peril'u.sed 
anterior pituitary reaggrcgaie cell cultures from adult 
male rats. LLBN (500 //M) blocked the GH release 
stimulated by NMC (1 ;jM), GRP (I /iM) and NMB 
(10 ^M). but not the stimulation of GH release by 
GHRH. PRL responses were also inhibited [143], In 
cultured human retinal pigment epithelium LLBN 
blocked. by>9(y>/.u the BN-cnhanced PI hydrolysis 
[144). 

In the rat. i.c.v, administration ol [Lcu'V- 
(CH,NH)Leu''']BN blocked the suppressive elTccts 
on food intake of both i.c.v. [145] and i.p. [146] bombe- 
sin, and. in satiated animals, enhanced food intake 
[145]. In gastric fistula cat, the antagonist abolished the 
dose-related stimulation of luminal gastric somatostatin 
output and the concomitant dose-dependent inhibition 
of food intake produced by intravenous BN [147]. 



infusion of the peptide (2.5 fi$) in the preoptic area 
prior to bombesin (25 ng) injection also prevented 
BN-induced hypothermia [148]. However, in the anaes- 
thetised rat. the peptide failed to antagonise the in- 
hibitory effect of bombesin on GH release and, given 
alone, mimicked BN behaviour [137], Moreover, at I 
and 10 /<g i,c.v., rather than prevcnu'ng grooming/ 
scratching induced by BN (0.01 and 0.1 fig), it stimu- 
lated such behaviour in rats [149]. All these data taken 
together support the hypotheses that: (i) 
[Leu'V(CH2NH)Leu''']BN may act also as a partial 
agonist; and (ii) difTercnl types of binding sites exist for 
BN-like peptides. These hypotheses arc further corrob- 
orated by the observation that LLBN stimulated pepsi- 
nogen secretion from frog oesophageal peptic cells, with 
an intrinsic efficacy which was 36% of that of BN, and 
with an IC«, of 30 nM [150] and. contrary to what 
occurred with guinea-pig pancreatic acini (pure antago- 
nist, with an lC<o of 31 J: 4 nM against stimulation with 
0.3 nM BN), it behaved as partial agonist (11% of BN 
etTicacy) in stimulating amylase release from rat pancre- 
atic acini (iC„ of 300 ± 60 nM) (75]. 

It is known that BN receptors in rat pancreatic tissue 
have a high aflinity for GKP and UN, but a low affinity 
for NMB. The opposite is true for BN receptors in rut 
oesophageal muscle. In such preparation LLBN was 
unable lo inhibit 3 nM NMB-stimulated muscle con- 
traction, while it was able to antagonise 0.3 nM BN- 
slimulaicd amylase release wiih an IC,,, of 0.21 ±0.05 
/(M [59]. BN./GRP-prelcrring and NMB-prefcrring re- 
ceptors are also present in rat uterus and urinary 
bladder, respectively, whereas receptors on seminal 
vesicles show similar affmiiics to BN and NMB. 
[Lcu'V(CH2NH)Leu")BN was much more potent in 
displacing saturable ['"l-Tyr*]BN binding from uterus 
than from bladder and seminal vesicle membranes [19]. 

14.2. Anahgjws of (Uu ''HCHJ^HjLeu '"JBS' 

Among the various amino-acid replacements to in- 
crease binding affinity and antagonistic potency of the 
LLBN parent compound, only substitution of Phe for 
Lcu'^ and D-Phe for Asn" gave better or comparable 
results, as measured in the dispersed guinea-pig pancre- 
atic acini for amylase release and by displacement of 
radiolabeled [Tyr*]BN [151]. 

2.4.3. Shori-diain B,\ analogues with a reduced peptide 

2.4.3.1. Coy's tlmvatiiva. Another approach to improve 
the biologiail profile of [Leu' V(CHjNH)Leu"]BN was 
to shorten the peptide chain from the amino-terminus. 
.Short-chain pscudopepticlcs were prepared based on 
bombesin, neuromedin C and litorin sequences [151]. In 
the guinea-pig pancreatic acini test, BN(5-14)-, BN(6- 
14)-. and NMC-analogues were all at least five times 
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less potent than the full-length parent peptide. Two 
notable exceptions were the lilorin pseudopoptides 
[Phe» ^(CH,NH)Met1LN and [LcuV(CH-NH)Met»l- 
LN, which were just as potent as (Uu' >(CH;NH)- 
Leu'-'JBN. Since the latter litorin analogue corresponds 
to BN(6 -14) in which Asn* is replaced by GIp. it 
was apparent that the pyroglutamic acid residue at 
position I was directly instrumental in producing 
these much improved inhibitory potencies. With this 
in mind, the position was examined in much greater 
detail. D-Amino acids were again a logical choice: 
a 30-fold increase in potency was obtained with 
[D-Phe*,Leu'V(Cll2NH)Leu'-'lBN(6-l4) compared to 
(Leu'>(CH,NH)Uu'^iBN(6-l4), and a 10-fold in- 
crease with [D-Phe%LeuV(CH2NH)Uu"1NMC(2-lO) 
( a (D-Phc'.His'.Lcu' V(CHjNH)Leu'^BN(6- 14)) 
over [LeuV(CH2NH)Leu'"lNMC (ISI). Thus, the D- 
Phe residue mimicked the effects of the N-terminal S 
amino acids of btinibesin. cither in terms of :i direct 
interaction with the BN-recepior or by influencing ihc 
folded conformation of the analogue chain. That a 
D-Phe residue could compensate for the loss of the 
N-terminal sequence was observed also in the scries of 
shon-chain [des-Met"]BN antagonists (sec Section 
2,3.2.). Replacement of the Gly' residue in NMC by 
D-Ala led to a substantial increase of potency. In fact, 
[LeuV(CHjNH)l.cu"JNMC antagonised I nM NMC- 
induced amylase release from isolated rat pancreatic 
acini with an IC5,, of 13.4 /iM. This value was lowered 
to \.5 ftM when the N-lcrminal amino acid was re- 
placed by D-Ala to give tD-Ala'.l.cuV(CH,NH)- 
Leu"TNMC [152], The same trend was observed for 
guinea-pig pancreatic acini |ISI|. In vitro, this increase 
in activity is often attributable to a conformational 
enhancement of receptor affinity but in vivo it can also 
be the result of an increased resistance to proteolytic 
breakdown. 

The substitution of Phe for Leu''' in the parent 
peptide gave [Leu' V(C:H:Nll)Phe")BN which wa? 
iiboul twice as potent in ihc amylase release anil pan- 
creatic acinar bindinu assays |I51] (sec Section 2.4.2.). 
The same modification to D-Phe" short -eliain analogues 
gave rise to [D-Phc'.Leu' VtCH,NU)Phe'-'lBN(5-l4) 
which was particularly effective in inhibiting Swiss 3T3 
cell growth induced by 3 nM BN (lt\. = 0.72 ± 0.29 
nM; = 3.1 + 0.6 nM) and amylase release stimulated 
with 0.1 nM BN from guinea-pig pancreatic acini 
(IC,., = 7.5 ± 0.5 nM: K,= I0.0± 1.5 nM). The require- 
ment for a D-Phe residue in position 6 of short pseu- 
dopeptidcs does noi seem to be loo strict in that this 
residue could be replaced by D-Cpa and D-Nal with 
little effect on potency. A loss of potency was. however, 
observed when D-Phc was replaced by IVMePhe [151]. 

When examined in murine .Swiss }J? cells, two other 
analogues proved more active than the parent peptide 
[Leu'V(CH;KH)Leu"lBS. namely (D-PhcM.cu'V- 



(CH,NH)Leu"!BN(6-14) (1C5„= 9.2 ± .3.9 nM; K^^ 
7.1+0.6 nM) and [D-NaP.Lcu' V(CH,NH)Phe''l- 
BN(6-14) (ICs, = 3.3± 1.6 nM; A',= 14.6 + 6.9 nM) 
[151 J. However, as observed for LLBN, these short- 
chain derivatives also showed partial agonistic activity 
in rat pancreatic acini [153]. Several structural modifi- 
cation strategies were developed to remove these partial 
agonistic properties. The most effective of these was the 
substitution of the C-terminal residue with Cpa lo give 
[D-Phc'.Leu'V(CH,NH)Cpa'*lBN(6-l4) which, in 
both guinea-pig and rat pancreatic acini, behaved as 
pure antagonist in inhibiting 0.3 nM BN-slimulated 
amylase release with 1C«, values of 2.4 + 0.5 and 
10-4 2; 1.4 nM. respectively. Another elTeclive method 
was the alteration of the stereochemistry of the 
amino acid in position 14. [D-Phe'.Leu'V(CHj- 
NH)D-Phe")BN(6-l4) had somewhat lowered bind- 
ing affinities but pure antagonistic properties. [D- 
l'he'',"]BN(6-l4) itself, however, was a strong full ago- 
nist in the rat and a partial agonist in the guinea-pig 
(15.1). 

[D-Phe'.Leu'V(CH,NH)Leu'']BN(6 14) at a I //.M 
concentration completely inhibited amyla.sc release 
from guinea-pig pancreatic acini stimulated by 0.3 n.M 
BN. I nM GRP. I nM NMC and NMB (all these 
peptides acting through the BN-rcceptor) but not by 0.1 
nM CCK-8. 10 fi\i carbamylcholine. 3 nM SP, 0.3 nM 
VIP. 0.1 ;/M secretin or 0.1 /iM CGRP (each of which 
interacts with its own receptor), or by 0.1 fiM TPA. I 
fiM A23I87, or 8-Br-c-AMP (which have post-receptor 
mechanisms) [151]. However, this compound, as well as 
[D.Cpa'.Leu'V<CH,NH)Phe"lBN(6-l4). was almost 
inefTcctive in displacing radiolabeled bombesin from rat 
urinary bladder membranes (91). 

(D-Cpa'.Leu' V(CH,NH)Phc'-'JBN(6- 14) competi- 
tivcly blocked bombesin stimulatory effects on pancre- 
atic amylase and total protein secretion when 
continuously infused into anacstheti.scd rats. However, 
this analogue, despite being u long-lasting BN antago- 
nist, was incapable of lowering amylase to b.i.sal levels 
even at 50 times the BN dose. and. probably because in 
vivo it behaved as a mi.xed agonist 'antagonist, was less 
potent than the full antagonist [D-Phc"JBN(6- l3)0Me 
[78]. A residual agonist activity of TA was also ob- 
ser%ed in vitro in rat pancreatic acini [153]. 

With regard to the antiproliferative cflTccts of the 
peptides of this scries, it was obiterved that [D- 
Phc'.Leu'V(CH.Nll)D-Cpa"lBN(6-l4) bound to hu- 
maji colon cancer cell line NC1-H716 with a K, of 
7+n.S nM vs. 50 pM |'»l-Tyr*|BN [391. In SCLC 
cell line .NC1-H.MS. [D-l"l)c",Leu'V(Cli;NI OCpa'-*]- 
BN(6-I4) and [D-NaI\Leu' V(CH;NH)Phc"]BN- 
(6-14) inhibited 0.25 nM ['--l]GRP binding with 
lC(.,'s of 10 and 5 nM. respectively, and at I /<M 
dose inhibited both (Ca' " |, releusc and growth re- 
sponse induced by 10 nM bonibe-;in [92]. [D- 
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Phe',Leu'V(CHjNH)Cpa'']BN(6-14) was examined 
Tor its ability to inhibit DNA synthesis in vitro in four 
SCLC cell lines. Two of these (SCLC 6 and SCLC 74R) 
did not possess receptors for BN/GRP, whereas the 
other two lines (SCLC 41 and SCLC 75) not only had 
receptors for these growth factors but also expressed 
prepro-GRP raRNA. The peptide inhibited DNA syn- 
thesis in cell line SCLC 41 but, surprisingly, had no 
effect in SCLC 75. Likewise, no effect was observed in 
cell line SCLC 74R. In SCLC 6, however, a weak 
stimulation was observed, suggesting a diflerent mecha- 
nism of interaction |96]. In vivo, with xenografts of 
SCLC 41 in nude mice, the peptide significantly de- 
creased the rate of tumour growth after s.c. administra- 
tion around the tumour at a dose of 50 //g twice a day 
for 10 days. Treatment started when the tumour had 
reached 30-100 mm'. However, after day 20 the tu- 
mour started to regrow. A stronger inhibitory effect 
was observed when the dose was increased to 250 /ig 
twice a day. No effect was .seen with the other trans- 
planted cell lines [96]. 

A study aimed at examining the long term conse- 
quences of a neonatal blockade of bombesin was- 
carried out using p-Phe*. Leu'V(CH,NH)Cpa''')BN- 
(6-14) (154). The resulu of this study indicated that, 
under the dose regimen and testing conditions em- 
ployed, subchronic treatment of infant rats with 
the antagonist did not appear to have consequences 
in terms of adult .sensitivity to central or systemic 
bombesin. To what extent this result is the reflex 
of a Hraiied in \ivo stability of the peptide remains 
to be clarified. In fact, in a different study, it was shown 
that this peptide, as well as (D-Nal».Leu'V- 
(CHjNH)Phe")BN(6 14). had a short half-life when 
incubated with intact SCLC cell line NC1-H345 (90]. In 
rats. (D-Phe*.Leu'V(CH,NH)Cpa'-')BN(6-14). which 
had no effect on food intake when administered alone 
even at high doses {20 mg/kg), selectively reduced BN- 
induced satiety but had no effect on satiety induced by 
(D-Phe',^Leu",Leu']LN, a synthetic bombesin agonist 
[1551. 

2.4.3.2. ScAoZ/v'.t derivatives. As an extension of the 
work of Coy ct al.. on short-chain pseudopeptide 
BN receptor antagonists, culminating in the dis- 
covery of [D-Phe».Leu'V<CH3NH)Phe'-'JBN(6-l4) 
[153], the Schally's group at Tulane University devel- 
oped a scries of analogues with the general formula 
[A».Lcu'V(CH,NH)B"lBN(6-14). in which A is D- 
Phe. D-Trp or D-Tpi (Tpi = 2,3.4,9-teirahydro-lH- 
pyrido[3.4-b]indol-3-carboxylic acid, a Trp analogue) 
and B either Leu or Phc [1561. Antagonist [D- 
Trp».Leu'V(CH,NH)Phe'^]BN(6-14) (RC-3420) was 
the most potent of the analogues tested: it inhibited the 
amylase release induced by 10 nM GRP(14-27) from 
superfused rat pancrratic acini (60% inhibition of the 



maximal response and 807o inhibition of the net-inte- 
gral response at 100 nM concentration) and showed the 
highest binding affinity to Swiss 3T3 and NCI-H345 
SCLC cells (Ki of 1.0 and 4.6 nM vs. 50 and 80 pM 
('"I-Tyr'lBN, respectively). This analogue was also the 
most active antagonist of mitogenesis induced by 3 nM 
GRP(14-27) in Swiss 3T3 cells (ICjo of 0.8 nM) [156], 
behaving in all respects as Coy's parent compound 
(RC.3I00) [153,156]. 

A second series of bombesin analogues with the same 
general formula were subsequently developed. In this 
series A was still D-Phc. D-Trp. D-Tpi or Tpi. and B 
was Trp or Tpi. The two best antagonists of this series, 
[D-Trp'.Leu'V(CHjN)Tpi"']BN(6-14) (RC-3415) and 
[Tpi*,Lcu'V(CHjN)Tpi"'lBN(6-14) (RC-3440), inhib- 
ited 3 nM GRP-stimulated growth of Swiss 3T3 cells 
with ICjo values of less than 1 nM. RC-3440 was also 
actiw in vivo, suppressing GRP(l4-27)-stimulated 
serum gastrin secretion in rats [157]. In spite of these 
encouraging results, (he analogue most extensively 
studied was [D-Tpi».Leu'V(CH2NH)Lcu'*]BN(6-l4) 
(RC-3095). This antagonist (as well as RC-3100) inhib- 
ited in a concentration-xlependcni manner 1 nM BN-in- 
duced amylase release in vitro from isolated rat 
pancreatic acini (IC50 10"' M) |158,!59], and protein 
secretion in vivo in chronic pancreatic fistula rats (ID,,, 
about 20 nmol/kg;b for a BN stimulation of 1 nmol/kg/ 
h s.c.) [158] and cats (almost complete suppression by 
RC-3100 at 10 nmol/kg/h for a GRP stimulation of 620 
praol/kg/h i.v.) [160]. RC-3095. administered to fasted 
rats by i.p. injection, blocked DNA synthesis induced 
by bombesin but not by gastrin or CCK. [159]. The 
same antagonist also significantly suppressed GRP(14- 
27)-stimulatcd ga.strin secretion in rats when adminis- 
tered subcutaneously or by the puhnonary inhalation 
route, 60 min prior to GRP(14-27). The bioavailability 
of RC-3095 by inhalation was about 69% of the s.c. 
route [161]. In the rat, antagonist RC.3095, at the doses 
of 5 and 25 /<g/IOO g body wt, completely suppressed 
(glucagon) or significantly inhibited (gastrin, at the 
higher dose) the response of these two hormones to 
GRP(l4-27) administered i.v. at the dose of 5 /ig/lOO g 
body wt [162]. The fact that other antagonists of this 
series inhibited the two hormones to varying degrees 
supports the suggestion that different subtypes of BN/ 
GRP receptors exist in gastrin cells and the target sites 
for glucagon release [162]. Lev. injection of RC-3095 
(10 fig), immediately before GRP(14-27) (1 /ig). com- 
plctel>' prevented agonist-induced serum GH suppres- 
sion, suggesting that this action is mediated through 
specific BN/GRP receptors located in the CNS [162]. 
Similarly, its i.e. v. (but not i.v.) administration rapidly 
and significantly lowered serum LH (but not FSH) 
levels. The suppressive effect was completely prevented 
by prior i.c.v. administration orGRP(14-27) [163]. 
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The potential anliiumour activity of RC-3095 was 
evaluated in various in \itro and in vivo models. The 
antagonist displayed significant inhibitory effects on 
nitrosamine-induccd pancreatic cancers in hamsters af- 
ter 2 months s.c. treatment with implanted osmotic 
mini pumps which released 20 ftgjday of the product. 
No significant down-regulation of BN/GRP receptors 
was found on the tumoural membranes. However, ihe 
significant down-regulation ol' liGF receptors in these 
membranes after treatment with RC-3095 might ex- 
plain, at least in part, the inhibition of the tumour 
growth [164]. This i.s in agreement with (he observation 
that GRP enhanced EGF-induced protein phosphoryla- 
tion in membrane extracts from several cancer cell lines 
and cancer samples, while RC309S inhibited all these 
phosphorylations, suggesting that GRP works by up- 
regulating EGF-R and that RC-309S prevents this up- 
regulaiion [165). In apparent contrast with this 
hypothesis, however, was the recent finding thai a 
greater inhibition of this pancreatic tumour (which is 
always accompanied by a decrease in the binding ca- 
pacity of EOF receptors) was obscncd after adminis- 
tration of RC-.W5 together with bombesin or GRP. 
than whh RC-3095 alone. Moreover, administration of 
bombesin alone caused a down-regulation of EGK-R. 
while the greatest decrease in binding capacity was 
observed after trealmcnt with RC-309S in combination 
with GRP (166]. In anoiber study, carried out on MIA 
PaCa-2 human pancreatic cancer cell line xenografted 
in nude mice, RC-3095 was without effect on the 
tumour growth. The compound was also inactive in 
vitro in the same cell line which, however, did not show- 
specific binding for ('"I-Tyr*)BN [167], 

Binding of ('^M-Tyr^]BN to human colon cancer 
membranes (binding sites were present in 40/n of the 
specimens but not in .specimen.^ of normal colonic 
mucosa) was inhibited by nanymolar conccnlrailons of 
the EN antagonists of this first series [168]. Antagonist 
RC-3095. at a dose of 20 .»g,day. admmisiercd by s.c. 
injections or by continuous infusion usu)g .Alzet os- 
motic mini pumps, significantly inhibited tumour 
growth in nude mice bearing .xenografts of HT-29 
human c-olon cancer cell line [169]. 

Bombesin antagonist RC-3095 was also tested in 
nude mice bearing xenografts of the hormone-depen- 
dent human prostate tumour PC-82. Treatment started 
one month after implantation, when the tumour size 
was still small (10 mm'), by daily .s.c. injection at a dose 
of 20 //g. Tumour growth was significantly decreased, 
as well as scrum prostatic-spcciflc antigen, insulin-like 
growth factor 1 (IGl -l) and GH levels; EGF receptors 
were also significantly down-regulated [170). In the 
androgen-dependcnt Dunning R-3327H rat prostate 
cancer model. RC-3095 infusion significantly reduced 
tumour volume and weight. This eflect was enhanced 
by the simultaneous treatment with the LH-RII ago- 
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nist, II^LyslLH-RH. Specific high-afSniiy binding 
sites for BN/GRP. EGF and IGF-1 were found on the 
tumour membranes. The concentration of EGF recep- 
tors was signiiicanily reduced by the BN/GRP antago- 
nist (171]. In nude mice beating xenografts of the 
androgcn-independent human prostate cancer cell lines 
PC-3 [172] or DU-145 [173], tumour growth was signifi- 
cantly reduced by RC-309S when the tumours mea- 
sured approximately 10 mm' but not when they 
measured about 90 mm'. In these mice too, EGF 
receptors were significantly down-regulated. 

RC-3095 inhibited BN-slimulated cell growth of hu- 
man breast cancer cell lines MDA-MB-231 and MCF-7 
Mill (but not MCF-7) [174]. In female mice bearing 
estrogen-dependent or estrogen-independent MXT 
mammary carcinomas, 20 |ig/d of RC-309S adminis- 
tered from osmotic mini pumps significantly inhibited 
tumour growth. In the estrogen-independent cancer, 
tumour inhibition was associated with a decreased 
EGF-R number [175]. Moreover. RC-3095. infused s.c. 
at 2 /yg,d via osmotic mini pumps, delayed the develop- 
ment of malignancies in hamsters with prematignant 
disease induced by DMBA (9,10-dimeihyl-1.2-bcnzan- 
thracenc) [176]. 

2.4.3.3. SVeltcome's durivaiives. A further extension to 
the approach of BN-receptor antagonists based on 
reduced peptide bond derivatives was carried out at the 
Wellcome Research Laboratories. In a first paper [122], 
the combined insertion of a carboxyl-terrainal leucine 
residue and a reduced peptide bond between the last 
two amino acids in the bombesin, GRP(15-27) and 
(D-Pro"']ORP( 15-27) sequences (Table 6) gave rise to 
compounds 37-39 which behaved as partial agonists/ 
antagonists when examined for the ability to stimulate 
['Hjthymidine incorporation into quiescent Swiss 3T3 
cells (agonist activity) and to diminish the agonist re- 
sponse to GRP (antagonist activity). The agonist dose- 
respon.se of the Leu-insertion peptides (ECw values of 
1-10 nM) paralleled GRP and bombesin, but their 
maximal response, even at concentrations as high as 
10"^ .M, was half the maximal value of GRP or 
bombesin. Coroputer-gencruicd molecular modeling 
studies indicated that the novel structures could adopt 
the energy minimised conformations of either an ago- 
nist or an antagonist [122] as proposed earlier (101). As 
expected, the introduction of a reduced peptide bond 
between the last two amino-acid residues of these se- 
quer.ces without a Leu insertion afforded pure antago- 
nists [122]. In a subsequent paper [177], the observation 
that an ociapeplide C-lerminal GRP analogue having 
D-Pro adjacent to the C-tcrminal amino acid was an- 
tagonistic, with an IC,,, value of 40 nM, prompted the 
Wellcome investigators to combine such a feature with 
the 'classical' reduced peptide bond modificaiion. A 
s-eriei of extremely potent and specific GRP/BN rcccp- 
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ts or new BN/CRP analogues wilh a modified peptide bond 



(dts-NiyTyr - Pro - Aig - 
l-raphdioyl - Pro - Aig - 



- UiivUu-NH, 
legvNIe-NH, 

- proif Phc-NHj 

- pro >f Phe-!><H2 

- teuvCOCH, 

- LeuyCXXIi, 

- Leus>l«i-NH] 



re Kpri.-aented bjr a line; {<Ics-NlIj)Tyr. 3-<4'-liydroxyphenyl)propanoyl: ala. D-Atw phe, D-Phe: pro. 



tor antagonists were obtained, e.g., 3-(4-hydroxy- 
phenyl ) propanoyl - His- Trp - Ala - Val - D - Ala - His - D- 
Pro(i'(CH,NH)Phe-NHj (40) and 1-napbthoyl-His-Trp- 
Ala.Val-D.AIa.His-D.Pro^(CH,NH)Phe-NHj(41). 
which, in Swiss 3T3 cells, antagonised ['H]thyiiildine 
incorporation stimulated with 6 nM BN with ICx 
values or ~ 0.3 nM and inhibited the binding of SO pM 
'"Mabeled ORP with 1C<„ values of - I pM. 

2,4.3.4. Mokotoffs derinalivus. By combining two 
modifications to give BN/GRP receptor antagonists, 
i.e., deletion of the C-lcrminal Met and incorpor- 
ation of a reduced peptide bond between the last 
two amino-acid residues, Mokotoff el al., at Pitts- 
burgh University have symhesi.<«d a series of [dcs- 
Met'*]BN and [des-Met")ORP analogues containing 
a C-terminal (^(CHiNHCOCH,) group [178). The 
two most active compounds. [D-Phe",Leu-'|fr(CH,- 
NHCOCH3)]GRP(l9-26) (42) and [D-Phe'.Leu'V- 
(CH2NHCOCH,)lBN(6-13) (43) (Table 6). inhibited 
0.2 nM BN-slimulatcd amyla.se release from dispers- 
ed rai pancreatic acini and 10 nM BN-siimulatcd 
['H]thymidine uptake in Swiss 3T3 cell.'? with ICjo's, 
respectively, of 46 and 55 nM in the first test, and 
2.7 and 32.5 nM in the second test [178]. In suck- 
ling rats, compound 42, at 2.4 rog/kg body weight, 
partially blocked the trophic effect of bombesin (20 
fsf^S twice a day for 9 days) on the pancreas and 
stomach, and the increase in trypsinogen in the pan- 
creas [179]. 



2.5. BN analogues with other modifications in the 
peptide bond 

Given that the ethyl ester Ac-GRP(20-26)OEt was a 
better ligand in Swiss 3T3 cells than the corresponding 
amide analogue Ac-GRP(20-26)NHEt, MS&D's invcs- 
tigators tested a similar substitution of oxygen for 
nitrogen in reduced carbonyl derivatives. Of these, Ac- 
fLeu'XCH,O)Lcu='JORP(20-27) (44, TaWe 6) was 
found to be a more potent inhibitor of 3 nM pH- 
Phe'*lGRP(l5-27) binding (ICjo = 30 nM) and 3 nM 
Ac-GRP(20-27)-induced mitogenesis (!Cjo=100 nM) 
in Swiss 3T3 fibroblasts than the related nitrogen ana- 
logue [Lcu"|i'(CHiNH)Leu'*]B>:, possibly because of 
increased hydrophobicity and a reduced tendency of the 
oxygen derivative to form hydrogen bonds [124]. 

The introduction of a (//{'CH^S) at the 8-9 peptide 
bond position of [Lcu'JIilorin (Table 6) gave an antago- 
nist (45) which was 2-3 times more potent than the 
corresponding derivative with a (^(CH^XH) substitu- 
tion when measured by binding affinity and PI turnover 
in mouse pancreas. The replacement by one of the two 
possible sulfoxide isomers jKCH^SO) (46) gave a fur- 
ther 3-fold increase in binding over the i^ftCHjS) substi- 
tuted compound [69]. 

2.6. Cyclic and dimeric BN analogues 

Head-to-iail cyclization between positions 6 and 14 
of bombesin and it.s analogues, through either an amide 
bond or a disulphide bridge, was foimd to give com- 
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Effect or ihe inuoduciion of jn alkylaiin; moiely on ihe receptor binding aflSnily or BN analogues fl02,ISI| 



Residuci identical lo ihe pareni compound ,.ro rcprewnicd by a line; deleted residue it represented by an open bos; pbc. D-Phc; 



pounds that retained some of the agonistic activity of 
the prenl compounds. Introduction of a reduced pep- 
tide bond in 13- M of the cystine derivatives, however, 
gave rise to antagonists. In dispersed rat pancreatic 
acini, cycIoID-Cys^D•Ala".Lcu'V<CH,NH)Cys'•']BN- 
(6-14) had a K, value for binding of 2.2 ± 0.3 ^.M vs. 
50 pM ['"I-Tyr^lBN, and an IC.m, of 5.7 ±2.7 /<M 
for inhibition of 0.3 nM BN-stimulated amylase re- 
lease 1121). These results seem to provide support for 
the proposal that both bombesin agonists and antago- 
nists adopt folded conformations at their reccptor(s) 
(101). 

A [Lys')BN glutaraldehydc homodimer spcafically 
inhibited ['"IJGRP (4 ng/ml) binding to .Swiss 3T3 cells 
with an 1C„, of 52 nM. The same compound alMi 
iintagonised 10 nM bombesin-induccd miiogenic activ- 
ity and intracellular Ca- ' mobilisation with potencies 
100- and 1000-fold higher than lD-l'hc'-,Leu'-']BN and 
(D-Phe'^BN, respectively. The dimer also inhibited 
growth of bombesin receptor-positive NCI-H345 SCLC 
cells in %1tro in a dose-dependent fashion |t80). 

2. 7. Alkylaling BN analogues 

A completely unique approach to the search for 
BN.CiRP receptor antagonists was followed at FlCt. 
In order to incre:i.sc the weak binding affinity of some 
BN analogues modified in positions 12 and 14, en- 
dowed with weak antagonistic acliviiy [66), an alkylat- 
ing moieiy was introduced thai. b> irreversibly binding 
10 the receptor, was able to sliiCi the equilibrium of the 



iigand towards the bound form. Several alkylating moi- 
eties, located in different positions along the peptide 
sequence, were tested: nitrogen mustards such as 4- 
(bis(2-chloroethylamino))-L-phenylalanine (Melpha- 
lan*. Mel), 3-|bis(2-chloroethylamino))-L-phenylalanine 
(mMel) 1102,181], 4-tbis(2-chloroclhylamino))ben2oic 
acid (Cab) (181), 2-chloroelhylnitrosourea [182], and 
chloromethylketoncs [182). Such modifications were 
also applied to inactive BN analogues that showed 
undetectable binding and to BN analogues with good 
binding aflinity that had agonistic properties. The rea- 
soning behind such an .ipproach was that a permanent 
blockade of the rtxcptor could give antagonism rather 
than mitogcnic .stimulation. The introduction of an 
alkylaling moiety had a marked effect on receptor 
binding in 3T3 cells, particularly for analogues display- 
ing very weak affinity (Table 7). In addition, while the 
agonistic profile (as measured by thymidine incorpora- 
tion and pi 15 phosphorylation) was unaltered, compet- 
itive antagonism vs. bombesin was dramatically 
increased (Table 8), even in compounds (like 47) which 
seemed devoid of any biological actiNdty. The antago- 
nism was assayed according to two paradigms: contem- 
poraneous treatment, i.e. when the tested compound 
was given simultaneously with BN, and sequential 
ireaimem: when cells were first incubated for 24 h with 
Ihe tested compound, and then washed and stimulated 
with BN. A 25 nM BN concentration was chosen for 
the LOinpclilion experiments, as this corresponded to 
Ihe concenlration which maximally increased thymidine 
incorporation. A similar low responsiveness was ob- 
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Bioassays of sclcclnl ulkylaliiig DN uiialoguet in 3T3 fibrobtiisB: receptor binding, mitogenic activity (Ihyniiiline incorporation anil pi IS 
phosphoryluiion), and inhibition ol' BN-stinwIated miiogcnic activity [102,181) 



Clp-Cln-Aij-l«av4 
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\. inhibition ar0.2S nM ['■'IJCRP binding (IC.„. nM): B. maximal fold increase of ['HJthyinidinc incorporation over basal value, at the in 
~ ■ ■ vcdoset/iMlforptlSphosphorylaiiontOand E,%inhibitionof|'Hlthyniidlncincorporaiioniii<lucedby 
' ' at J ff M concentration. In the Mqueniial trealmcni. cells were incubati 

in apcnbo«:<»-^<Cli,NH). 



Residues identiciil to the paienl compound ace represented by a line: 

served in the binding astwy in which BN displaced 
radiolabeled GRP uith un IC„ of 12.6 ±2.S nM. a 
value which is aboui 10 liines higher than that re- 
ported by others [183-185]. In the competition ex- 
periments, alkylating BN analogues with intrinsic 
'antagonistic' features (•47,49-58) displayed comparable 
antagonism to BN in both treatments. Analogues 
with intrinsic 'agonistic' features <like 48), on the other 
hand, showed better antagonism in the sequential treat- 
ment [102,181). As expected, the reference peptide 
(Leu' V(CH;NH)Lcu'^]BN (LLBN), being a reversible 
antagonist, was completely inactive in the sequential 
studies [102). The mechanism of action of these alkylat- 
ing derivatives was not investigated. However, it was 
observed (Table 9) that, after 24 h treatment with BN 
analogues belonging to dilVcrcni classes, the number of 
ORP receptors on .^T3 fibroblasts was greatly reduced 
(up to complete suppression) only with the alkylating 
analogues 62 and 50. These compounds were the only 
active antagonists In the sequential treatment. The per- 
cent inhibition of thymidine incorporation was in- 
versely related to the number of residual receptors. The 



receptor number was completely restored only 48 h 
after cell washing [102]. 

Owing to their specificity for BN receptors (they did 
not bind to other growth factor receptors, such as the 
F.GF receptor in human epidermoid A431 cell line) and 
reduced cytotoxicity (lC5o's> 50 uSU vs. an ICjo of 3.3 
)iM for Melphalan^ [102], these alkylating analogues 
were ideal candidates for in vitro and in vivo studies in 
SCLC. A selected number of analogues were tested in 
the clonogenic assay, u.sing SCLC eel! lines N'CI-N592 
and NCI-H69, which were previously found to have 
BN receptors and to produce BN-like peptides (Table 
10). A few of the analogues proved to be much belter 
antagonists than the reference peptide LLBN, and spe- 
cific for these cells, in that they did not inhibit the 
clonal growth of two cell lines (LoVo adenocarcinoma 
and .MI4 melanoma) which were devoid of BN recep- 
tors [134). The reference compound LLBN and a reprc- 
seniative of the Mel (51 ) and Cab (57) derivatives were 
then tested in nude mice xcnografted with cell line 
N'592. In the hands of FICE's investigators, this partic- 
ular cell line was the most sensitive to BN antagonists 
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Effect ordiffercnl cUisiCS of BN analogues Ui S ;>M conueninuion) on receptor numbti and DNA synihcsis in Svitt libroblasis [102] 



nl compound arc ;epiociiicd by a line; de 



es are represented by an open box: R. Ul|>Cln-Arg-Leu-C|y: 



but, nevertheless, was 10 times less sensitive than re- 
ported by others [131]. The peptides were administered 
s.c. at a dose of about 100 //g twice a day for 20 days 
in the flank contralateral to the tumour. Treatment 
began when the tumour weight was about 100 mg 
(Table 11). The Cab derivative 57 was completely inac- 
tive while the Mcl derivative SI showed a moderate 
activity (33-45% of tumour growth inhibition) which 
was higher than the reference peptide LLBN (21%) and 
without any toxicity. The low solubility prevented the 
administration of higher doses [134). 

2.8. SiibsiilurccI .sonuiioslann aiuiloKuvi 

Recently ii was reported thai soniaioMa'.in-l4 iSS-14) 
inhibited the cross-linking of ('-''IjCRP to a 120-kPa 
protein in Triton extract of 3T3 cells and human SCLC 
ceils [186], which are known to possess BN receptors 
[18]. Previous studies demonstrated that SS-14 could 
also weakly inhibit binding of opioid ligands to opiate 
receptors [187.188], and subsequent studies led to the 
identification of various D-amino acid-substituted and 
constrained amino acid-substiiiiicd cyclo-SS analogues 
that functioned as potent /i-opioid receptor antagonists 
[189,190]. Therefore, the ability of .SS-14. SS-2S, and 
various cyclo-SS octapepiides to function as GRP or 
NMB receptor antagonists was explored (1911. It was 
found that some SS analouucs functioned as NMB-R 
antagonists, having > 100-foUI selcciivii) for NMB-R 
over GRP-R. None of them, at a concentration of 10 



//M, had agonist activity and stimulated increases 
of [•'H]1P in NMB-R-transfectcd cells (BALB 3T3) 
or amylase release from rat pancreatic acini, which 
have GRP receptors. Similarly, none of these pep- 
tides at this concentration altered the increase in amy- 
lase release caused by 3 nM BN in rat pancreatic adni. 
Whereas some octapcplide analogues caused some in- 
hibition of the 14-fold increase in ('H)IP induced by 
3 NMB in NMB-R iransfcctcU cells. D-Nal'-O'cfo- 
(Cys'-Thr'-D-Trp^-Lys'-Val''-Cys')-Nal'-NHj(cyclo-SS- 
octa), (D-Cys-l-oclo-SS-ocia. [D-Cys"l-c>clo-SS-octa. 
{His*]-cyclo-SS-octa and |D-Nal''l-cyclo-SS-ocia at 10 
/<M completely inhibited the NMB-siimulaicd increase 
in I'HJIP. CyclivSS-ocia was the most potent, causing 
detectable inhibition at 0.3 >i.\t. half-ma.\imal inhibi- 
tion al 885 nVf. and complete inhibition at 10 ;/M. In 
NMB-R transfccted cells, cyclo-SS-octa was function- 
ing as a conipeliiive antagonist, with an aflinity for 
NMB-R of 59 + 9 nM. However, it had only a lO-foId 
higher affinity for NMB-R than for //-opioid receptors 
and a 40-fold higher affinity for SS receptors than for 
NMB-reccplors. Alteration in either the stcreochem- 
istr>- or the nature of the substitutions in positions 4, 7 
and 8 as well as position 5. of cycio SS-ocla were 
particularly important for retaining high affinity NMB- 
R interaction and decreasing SS or //-opioid receptor 
inieracilon. suggesting thai modifications in these posi- 
tions in the future will likely lead to a much more 
selc:tivc NMB-R antagonist. 
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2.9. Non-peptide BN antagonists 

At Pfizer, in the course of screening to discover 
non-peptide GRP antagonists, two related compounds, 
CP-70,030 and CP-75,998 (Fig. 2). were Identified. 
These compounds were able to displace ["*I)GRP from 
rat brain BN receptors with ICso values of l.S-3 /(M, 
and to inhibit 10 nM BN-induccd PI turnover in rat 
pituiiar>' GH, cells with IC^,, values of 1.5 ±0.1 itM 




(192). However, neither compound (at concentrations 
up to 32 ^M) displaced labeled GRP from its ra-cplors 
in the bombesin-responsive human SCLC cell line 
N592. This confirmed what had previously been ob- 
served with non-peptide substance P antagonists [193], 
that relatively rigid non-peptide antagonists can reveal 
receptor differences between species that are not appar- 
ent when using peptides [192]. 



3. Antitumour activity of BN receptor 

In the preceding section, BN receptor antagonists 
belonging to diflerent classes were reviewed. All of 
them were screened in in vitro tests, and usually the 
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most active were assayed in experimenial animals. 
Some proved to be potent and long-acting agents, for 
example, in inhibiting amylase rele;isc [il4] or gastrin 
secretion [161]. In this section we focus our allcntion on 
the in vivo antiiumour activity of these antagonists and 
will present all the positive resulu that have appeared 
in the literature up to December \W. For a better 
understanding. Table 12 reports the results in human 
SCLC (for which the original interest in BN-R antago- 
nists was stimulated) xenograried into nude mice while 
in Table 13 the results on other tumoural models are 
summarised. 

As can be .seen from Table 12. all the reported 
BN-reccptor antagonists were able to inhibit in vivo 
tumour growth. Positive results were also obtained with 
ID-Nal'.Leu' V(CH,NH)Phe'-'lBN(6 14) [132] which is 
not reported in ihe table, hi the liicraiure. negative 
results in such experiments arc rare: (D-Atg'.D-Pro-. 
D.Trp'',Uu"lSP t.^) [I32j. BNil - 12) |I32) and (Cab'-. 
IIis(Dnp)'».Leu'V(CHiNH»Mct''']BN(6-l4) [134] are 
the only peptides described that arc devoid of in- 
hibiiorv activity. In addition. lD-Cpa'./>l.cu"ll.N(l- 
8)NH: and [n-Phe".Lcu'V(CH,NH)Cp8'"IBN(6- 14) 
were practically inactive towards cell lines SCLC 74R 
and SCLC 6 which, however, have no or few GRl'/BN 
receptors (96]. In general, all the BN-receptor antago- 
nists inhibited tumour growth but with dilTereni de- 
grees of potency, the efficacy of the treatment 
depending probably also on the size of the tumour 
when treatment started. DilTereni percentages of inhibi- 
tion were even reponed for the same peptide. In fact. 
(Leu'V{CH;NH)Leu"|BN (LLBN) inhibited in vivo 
the growth of SCLC cell line NCI-N592 to comparable 
extent in two experimcnis [92,1.321 but gave only a 21% 
reduction of tumour growth in another case [I34|, 
despite the fact that the peptide was administered at 
higher doses (10() fj^ b.i.J. vs. 10 /isi d). Such differ- 
ences can parti.illy be explained bv the fact that the 
tumour size wa.s measured noi durinj; trcaimem bui I 
week after the lust injceiioii, ll is likel\ >uch a he- 
haviour can be ascribed to the luci th;H ihi- peptide w.is 
given >,(.'. in the contralateral Hank (and not adjacently 
to (he tumour) with ihc result that it underwent degra- 
dation before reaching the she of the tumour. If this is 
the case, much higher percentages of inhibition could 
have been observed for LLBN as well as for [Boc- 
Mel',des.His'-]BN(6-14) had they been tested under 
the same favourable experimental conditions |l.34]. On 
the other hand, since it is impractical in therapeutic 
treatment to inject the agent directly into the tumour, 
this poses the problem of developing (fieplidic or non- 
pcptidic) stable antagonists. 

Two other observations need to be mentioned here: 
(il the inhibition was incomplete; and (ii) in several 
cases tumour^ started to rirgrow, although with lower 
doubling limes than the controls. It is known that there 



is a considerable heterogeneity between different SCLC 
cell lines in terms of production, binding and growth 
activity of peptides and growth factors. Three types of 
SCLC cell lines, namely NC1-II69. NC1-N592 and 
SCLC-41 were used itJ in vivo studies in nude mice. 
NCI-H69 and NC1-S592 were isolated, respectively, 
from pleural effusion and bone marrow specimens that 
were taken from male patients before undergoing thera- 
peutic treatment [194], Both cell lines display bombesin- 
like immunoreaciivity (33,195-197). However. 
NCI-H69 does not express detectable membrane recep- 
tors for GRP [196.197] despite the fact that traces of 
the corresponding mRNA were delected [18]. On the 
contrary, SCLC NC1-N592 cells do possess GRP recep- 
tors [18,1971. Ciomci et al., measured 1000 and 3500 
BN receptors/cell for cell lines NCI-H69 and NCI- 
N592, respectively 1134). Low levels of NMB [10.198] 
were detected for both cell lines although in both cases 
no NMB receptor mRNA was found [18). The two cell 
lines also show a slightly different pattern towards (he 
production and sensitivity for other peptides and 
growth factors (197). Less is known about the SCLC-41 
cell line which expresses prepro-GRP mRNA and has 
GRP receptors [96). Taking all these considerations 
together it is possible to envisage that alternative ap- 
proaches such as broad spectrum antagonists (51) or 
BK analogues coupled with cytotoxic agents 
[102.134,181.182] could be more promising than the 
•classic" ones. Indeed. [ArB^.D-Trp'''.MePhe'']SP(6-l 1) 
produced a marked reduction of tumour volume and 
the inhibitory effect was maintained beyond the dura- 
tion of the treatment [51]. 

Unlike Table 12. which collates the results of differ- 
ent antagonists on a single tumour form (SCLC). Table 
13 shows the cITccts of a single compound, [D- 
Tpi".Leu''«KCH2NH)Leu"|BN(6-14) (RC.3095), on 
different types of tumours. In each tumour model, the 
compound displayed antiproliferative activity. In ni- 
trosjniinc-induced pancreatic cancer, two values were 
reported tor the same dose, nitmcly 87;'.. |164J and 31% 
(1661. In the same model a dose-re5pon>e curve was 
observed, ranging frum ?1 to 65" " at ii maximal dose of 
60jig/d [166]. In addition, the combined administration 
of 50 /<g.-d of the antagonist with 10 /(g./d of cither BN 
or GRP produced a tumour growth inhibition greater 
than when the anugonist was administered alone. This 
surprising finding, together with the observation that a 
correlation exists between tumour inhibition and de- 
crease of binding capacity of EGF receptors [166]. fits 
with the occasional inhibition of pancreatic tumour 
growth induced by chronic treattiieni with BN or GRP 
(199.200). These findings are po.ssibly explained by a 
down-regulation of both CJRP and EGF receptors, 
and/or by the BN GRP-induccd release of somato- 
statin. Down-regulation of the EGf-receptors was tilso 
observed in breast and prostate tumours (no such infor- 
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mation was given Tor colon adenociia-inoma) following 
ireatmcni with RC-3095. and this might explain, ai 
least in part, the inhibition of tumour growth. Interfer- 
ence with EGF might, therefore, be the common mech- 
anism behind Iht inhibitory elTecis of both BN/ORP 
agonists and antagonists. In addition, somatostatin re- 
lease in response to RC-309S may also contribute to 
tumour inhibition, as. in animals with niirosaminc-in- 
duced pancreatic cancer that iire treated with this com- 
pound, the GH levels are decreased [168]. 



4. BN-receptor subtypes 

Since the discovery of BN. several other BN-like 
peptides have been identified such thai now there is u 
large family of these peptides. As mentioned earlier, 
this family can be further divided into three subfamilies 
on the basis of amino acid sequence similarities and 
pharmacological activity. It is worth mentioning that 
only dilTcrcnccs in the airlx>xyl-tenninal portion of the 
peptide account for diflcrences in receptor interaction 
and biological activity. 

Early studies on several smooth muscle preparations 
showed that dilTerent bombesin-like peptides elicited 
vao'ing degrees of potency. These studies provided the 
first evidence for the presence of multiple BN-recepior 
subtypes (9,13]. The existence of at least two classses of 
bombesin receptors w;is for the first time demonstrated 
by von Schrenck ei al. [14] who showed that rai 
oesophageal muscle possesses a class of BN receptors 
with a higher affinity for NMB than for BN (NMB-prc- 
ferring bombesin receptor, NMB-R). These differed 
from the pancreatic BN receptors which, like all other 
BN receptors described previously, display much higher 
affinity for GRP than for NMB (GRP-preferring 
bombesin receptor. GRP-R). Subsequently, it was 
shown that the two receptor subtypes were widely 
distributed and could be expressed cither in distinct 
tissues or in the same tissue \20\]. NMB-R were found 
in rat urinary bladder [19.91] and in rat seminal vesicle 
[19], whereas GRP-R was found in rat uterus [19], As in 
the peripheral tissues, two pharmacologically distinct 
populations of BN receptors have been identified in rat 
central nervous .■iystcm [l.').20l|: again, some brain re- 
gions bind BN with higher affinity than NMB. while 
binding sites in other regions show higher affinity for 
NMB than for BN. The distinct distribution suggests 
that both receptor subtypes may play independent roles 
in mediating many of the effects of BN-likc peptides 
1201]. .SCLC cell lines likewise express both BN receptor 
subtypes. NMB. like GRP. binds with high affinity to 
SCLC cells, provoking elevation of cytosolic Ca'- and 
stimulation of colony formation [202|. NMB im- 
munorcactivity and NMB gene expression were de- 
lected in SCLC cell lines suggesting that NMB also 



functions as an autocrine growth factor [IU,I98), In 
general, the distribution of NMB was more widespread 
than w"ds that of GRP. the levels of GRP being much 
higher in positive cell lines. Moreover, it was found that 
complementary DNA (cDN.A) clones isolated from hu- 
man cell line SCLC NCI-H345 encoded both GRP-R 
and NMB-R, and that the antagonist p-Phe^BNie- 
I3)ethyl ester was effective in blocking the response 
elicited from the cloned GRP-R but not from the 
cloned NMB-R [18], 

Molecular cloning, expression and characterisation of 
GRP- and NMB-preferring BN receptors added further 
support to the notion of two structurally and pharma- 
cologicaliy separated receptors for mammalian BN-like 
peptides [1 8.203). By these techniques it was also possi- 
ble to characterise human genomic and cDS.\ clones 
encoding a ihird BN-reccpior subtype (BRS-3) with a 
functional role distinct from either GRP-R and NMB- 
R [21]. BN receptors, like receptors of other peptide 
hormones, are members of the G protein-coupled re- 
ceptor supcrfamily, clniracteriscd by having seven 
transmembrane domains. Comparison of the human 
GRP-R. NMB-R and 15RS-3 amino-acid sequences 
shows a high degree of overall amino-acid identity. In 
particular, the third iriinsmembrane domain is ex- 
tremely well conser%ed among the three BN-receptor 
subtypes, although different from that of other known 
G protein-coupled receptors. As a consequence, this 
region may be involved in ligand binding or in func- 
tional roles that would be expected to be similar among 
closely related receptor subtypes but not common to all 
members of the G protein-coupled receptor family. It is 
not yet known whether ihey use the .same O protein 
subtypes [21.2031. 

Despite the high similarity, the three receptors have 
distinct features. Expression of BRS-3 cDNA in Xeno- 
piis oocytes encoded a functional receptor which Is 
activated by the naturally occurring BN-like peptides 
(BN. GRP. NMB, [Phe'']phyllolitorin, and ranatensin). 
but not by other structurally unrelated peptides (sub- 
stance P. bradykinln or CCK) and. strangely enough, 
not by other natural BN-like peptides (alytesin, litorin. 
and [Lcu'']phylloHiorin) [21]. It is worth noting that 
binding was obser\'ed only at 10 ^ M concentration 
whereas the other two BN-receptor subtypes had bind- 
ing affinities in the nanomolar range. The peculiarity of 
this third BN-receptor subtype is that, in normal rat 
tissue. BRS-3 mRN.A was detected in the testis but not 
in the thymus, stomach, jejunum, colon, lung, kidney, 
spleen, prostate, brain and retina. This suggests that, 
contrary to GRP-R and NMB-R. BRS.3 is restricted to 
a limited area [21]. 

Before the discovery of BRS-3. GRP-R and NMB-R 
raRNAs were detected in SCLC cell lines at low levels. 
The levels were, however, consistent with ihe low num- 
ber of GRP.-NMB binding sites present on SCLC cell 
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lines [18]. The expression of ihc Iwo receptors in non- 
SCLC cells was rare. BRS-3 mRNA was instead de- 
tected in human cell lines from all histological t>'pes of 
lung carcinoma examined (SCLC, NSCLC. and car- 
cinoid). Expression of BRS-3 mRNA in some car- 
cinoma cell lines overlapped with cither GRP-R or 
NMB-R mRNA expression, or both. In view of the 
limited expression of BRS-3 in normal rat (issue, it is 
striking ibat BRS-3 mRNA is expressed in over half of 
the human lung carcinoma cell lines examined. If the 
limited distribution of expression in normal rat tissues 
is representative of the expression patterns in normal 
human tissues, BRS-3 may prove lo be a useful cell 
surface target for specifically detecting antiproliferative 
agents to lung carcinoma cells [21]. 

The search for BN antagonists as putative antiprolif- 
erative agents for SCLC treatment was stimulated by 
the discovery of the autocrine role for GRP in the 
development of .such a malignancy. On the wave of the 
enthusiasm following this observation, new peptides 
were synthcsised that were targeted to the GRP recep- 
tor and ail screening was performed using pharmaco- 
logical models that, as wo now know, were 
representative of the GRP-preferring receptor. The 
early obser\'alion that substance P antagonists could 
block pancreatic amylase release induced by BN was 
taken into consideration mainly as a starting point for 
the development of more specific antagonists: in other 
words, more BN-likc antagonists. This approach was 
not intensively pursued because all the antagonists of 
this class failed lo possess sufficicni potency and specifi- 
city. Other approaches, on the other hand, turned out 
to be more promising. Indeed, potent BN antagonists 
were found. 

The discovery of different BN-recepior subtypes 
which have dilTerent distribution and which arc present 
in several lung tumour histological types opened up 
new possibilities. The rctcsting of the BN receptor 
anlagoiii.sts so far developed in in vitro niodcl.s for the 
NMB-R showed (hat potent aniagonists of the des-Mel 
and reduced peptide bond classes (which are endowed 
with potent antagonism toward the GRP-R) were prac- 
tically inactive or several orders of magnitude less 
potent toward NMB-R than GRP-R [17,19,88- 
91.113,202,204]. This indicated that they were highly 
selective for ORP-R. Indeed, examination of the bind- 
ing aflinitie& showed that the two receptor subtypes 
share common requirements but also display distinct 
features. In particular, deletion and L-alanInc replace- 
ment of (he C-terminal Met i.s better tolerated at the 
GRP site than al the NMB one [90]. Interestingly, the 
less potent BN receptor antagonists belonging to the 
class of SP analogues (see Section 2. 1. 1. 1 and of 
[U-Phc'-j analogues (see Section 2.2.1.) display the 
same degree of potency toward both BN-receplor 
subtypes. (D-Pro\D-Trp^-"»lSP(4-lI) (4). [D-Arg'.D- 



Trp'',Uu"]SP (I) and [TrprD-Phe'^BN, in fact, in- 
hibited NMB-induced contraction of nit oesophageal 
muscle strips where most potent GRP antagonists were 
ioactivc [\T]. Similarly, the SP antagonist (D-Arg',D- 
Pro-.D-Trp''.Leu"lSP (3) but not p-Phe'lBNCC- 
I3)methyl ester, at I //M concentration, reversed the 
increase in cytosolic Ca-'' caused by 10 nM NMB in 
SCLC cell line NC1-H345. At I //M concentration, the 
same SP antagonist inhibited the NMB-induced clonal 
growth of the SCLC cell lines NCI-H209 and NCI- 
H345. Ilie mechanism of action of antagonist 3 re- 
mains unclear but may involve G-proiein interaction 
[202] (see Section 5). The recently discovered cyclo-so- 
maiostaiin ociapcptidcs (see Section 2.8). although non 
specific, function as BN-receptor antagonists with a 
> 100-fold selectivity for NMB-R over ORP-R. 



5. Peptide receptors in human small cell lung cancer 

The presence of an autocrine circuit for BN-like 
peptides in SCLC cells gave great impetus to the search 
for BN-reccptor antagonists as potential curative agents 
for this highly malignant disease. However, it was soon 
evident that other niitogenic peptides were produced 
and other receptors expressed by these cell lines, sug- 
gesting that additional autocrine loops or paracrine 
influences might be present [205]. An updated list of 
such peptides and receptors is reported in Table 14 
(205,2O6| where only new entries are referenced. As 
shown in the table, not all human SCLC cells express 
receptors for the ligands they produce and vice versa. 
There is a great heterogeneity of responses to various 
neuropeptides both within individual lung cancer cell 
lines and among different lung cancer cell lines. In most 
instances a minority of cells within a cell line responds 
to an individual peptide. It is not clear whe(hcr this is 
due to a lack of expression of the receptors for the 
other peptides in (he non-responsive cells or whether 
(here is an autocrine secretion of these peptides and 
some cells are self down-regulated at the time of pep- 
tide adminis(ration. In fact, during iumour progression, 
the cells may become independent of autocrine growth 
factor stimulation [53]. 

While most of the ligands for (he rccep(ors expressed 
by SCLC cell lines are mitogenic. others (like somato- 
statin and enkephalins) are inhibitors of cell growth. In 
the ease of VIP. which stimulates release of BN-like 
peptides from SCLC cell lines through elevation of 
intracellular cAMP (207), both stimulatory and in- 
hibitory effects on SCLC clonal growth have been 
reported. In fact, VIP has been shown to slightly .stimu- 
late the proliferation of cell lines NC1-H82 and NCl- 
H4I7 (which belong lo the variani subclasses of SCLC) 
by a factor of 1.3 and 1.2, respectively, at 1 nM 
concentrations [197|. and to stimulate the clonal growth 
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of the classic SCLC cell line NCI-H345 approxima(cly 
two-fold at 100 nM [208]. On the other hand, VIP, in a 
concentration range from 1,0 nM to 1.0 /i.Vl, dose-<ie- 
pendently inhibited the growth and muhipiication of 
both NCI-H345 and NCI-H69 cells up to 75 and 84%. 
respectively [209). 

Many of the neuropeptides listed in Table 14 (such as 
GRP. NMB, bradykinin, AVP, CCK, neurotensin, and 
galanin) act via G protein-coupled receptors through 
mobilisation of Ca' ' and s(itnulaiion o( protein kinase 
C (210]. Substance P antagonists can block the mito- 
genic effects of these peptides but have no effect on 
mitogencsis induced by VIP (which acts by stimulating 
cAMP accumulation) or by a wide ntnge ol" other 
mitogens including polypeptide growth factors and 
pharmacological agents. This suggests that these antag- 
onists can recognise a domain common to the receptors 
of these neuropeptides thai is essential for the coupling 
of the G-proteins required for Ca- ' mobilisation. This 
common domain, which is separate from the ligand 
binding sice (because the ligands are structurally unre- 
lated and the ligand-specific antagonists show no cross- 
reactivity) could reside on the G proteins themselves 
[21 1]. Consistent with this hypothesis is the finding that 
[D-ProM>-Trp"'»)SP(4-ll) (antagonist 5) and, to a 
major extent, the new antagonist (Glp*.D- 
Trp'»"*lSP(5-ll) compete with the SU subtype of 
muscarinic cholinergic receptor for the interaction with 
G proteins (G; and G„), and one or two molecules of 
antagonist need to bind per G protein to inhibit the 
effects of receptor activation (GTP hydrolysis). The 
same peptides appear to interact with the G, protein of 



the ^-adrenergic receptor as well, suggesting that the 
binding site of these peptides mighi iaclude the fiy 
subunits of G proteins. Such subuniu seem to be 
common to all G proteins [211]. 

Although SCLC growth has been hypothesised to be 
regulated by multiple autocrine and/or paracrine cir- 
cuits involving Ca-* -mobilising neuropeptides, Ca'* 
mobilisation is only one of the components of a com- 
plex array of signalling events rather than the signal 
thill promotes cell growth [5!]. This was evidenced in 
some SCLC cell lines by bombesin and tachykinin 
neuropeptides which mobilised Ca' * without stimulat- 
ing DNA synthesis [52|. 



As a result of a large screening programme on BN 
receptor antagonists, a number of analogues have been 
found which display good in vivo antiproliferative ac- 
tivity not only in small cell lung carcinomas but also in 
other types of cancer characterised by the presence of 
BN receptors. Tumour reduction was observed both 
during treatment and I week after the last administra- 
tion of the peptide drug, and was largely dependent of 
the initial tumour size. Anticancer activity was greatly 
affected by the site of injection being more pronounced 
when the antagonists were administered directly into 
tumour. This suggests that peptide instability and 
bioavailability are crucial for eiricacy. and still remain 
an unsolved problem. Moreover, il should be noted 
that most of the antagonists tested in vivo were specific 
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for GRP receptors. We now know that NMB, as well 
as other neuropeptides act as autocrine/paracrine 
growth factors. As a consequence, a therapeutic ap- 
proach based on specific GRP receptor antagonists 
will probably be safer but inadequate. Broad spectrum 
antagonists (as alternatives to a combination of se- 
lected, specific neuropeptide receptor antagonists) or 
GRP analogues covalenily linked to cytotoxic 
molecules (a similar approach was followed at FICE, 
although mainly with the aim of increasing receptor 
binding) may be more suitable. More stable derivatives 
(either peptidic or non peptidic) have to be developed 
for practical use, while awaiting further progress in 
drug delivery techniques which will allow for more 
convenicDt routes of administration. 

Neuropeptides such as GRP play an important role 
in SCLC carcinogenesis (probably as well as in other 
malignancies), favouring the development of multiple 
genetic anomalies. When tumours are established, the 
use of antagonists will not be as efficient as in the 
early stages of the disease. Nevertheless, BN receptor 
antagonists may, all the same, be of interest as adju- 
vants to chemotherapy or surgery in all forms of tu- 
mours where BN receptors are present. 
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PD 165929 - The First High Affinity Non-peptide Neuromedin-B (NMB) 
Receptor Selective Antagonist 
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Abitraci : In Um pB|W >w dcsafte the dewJcpinem of a novtl senes of Doniie^ 

UpKb as nn rr' ffiH ty PD 16S929. PD 165929. which eOMa nanomolar affinity for Ihe NMB noqilac 
(Ki°«.3iiM), hs been demmanied 10 be a ccmpclilive aniagniia ai this itoeplor (a|)|iK^7.6iiM) and is sdecmc 
oicr the cofitsporiding gasDinHdeasing peptide (CRP) reoeimr 0^ 
Copyrighl O 1996 Elsevier Science Ud 

INTRODUCTION 

Wc have previously published on our interest in the development of non-peptide ligands for 
neuropeptide receptors as exempliiied by the identification of non-peptide agonists' and antagonists 
for choleq«okjnin' and tachykinin' receptors. This has been via the application of a so-called 
"peptoid" drug design stral^.* The basic premise behind the peptoid stmcture^ased approach to 
drug design invoNes the rational development of non-peptide receptor ligands starting fiom. and 
utilising the infonnation contained within, the endogenous peptide of the targeted receptor.ln brief' 
this peptoid drug design strategy consists of the following discrete steps : 
1) identification of a minimum active peptide fragment of the endogenous peptide, 
ii) recognition of key residues contained within Ihe minimum active fragment with respect to 
receptor binding - achieved by carrying out an alanine scan on the pqsiide fi-agmenl. 
Si) incorporation of the sde chains of the three' most impoiram re»dues identified fiom the alanine 
scan onto a small molrcule template 

iv) exploration of conformational space of amino add side dtains and, 

v) optimisation of the side chains to provide a high aflinily, non-peptide receptor ligand. 

In this paper we describe how the peptoid dmg design strategy has been adapted to the 
development of a series of non-peptide neuromedin-B receptor selective anugonists. 

BOMBESIN, NEUROMEDIN-B AND GASTRIN-RELEASING PEPTIDE 

The amphibian tetradecapeptidc bombesin (BE) bdongs to a class of peptides which share 
structural homobgy in thar C-temiinal decapeptide rqjon.' At present two mammalian bombesin- 
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like peptides have been identified and daracterised.' ihe decapeptide neuromedin- B (NMB) and a 
27 reddue amino add. gasoin-rdeasing peptide (GRP). NMB and GRP peptides are believed to 
mediate a variety of biolo^cal aaions such as on autocrine growth, satiety, themioregulation and 
stereotyped behaviour* via an action upon the coiresponding NMB-prefening (BBi) and GRP- 
preferring (BB,) receptors. Although there are a number of peptide^jased selective figands for both 
the NMB and GRP recq)toR,'° the precise physiolo^cal roles of these neuropqitides remain 
undear partly due to a lack of high affiraty non-peptide bombesin anugonists." 

RESULTS AND DISCUSSION 

I) IdentifKation of a minimum active peptide fragment of the endogenous peptide. 

In employing our pcptoid drag deagn strategy to the devetopment of non-peptide 
bombean antagonists, we first carried out an alanine scan study on the previously published 
bombesin peptide fiagmcra AcBB (7-14). This ocupeptide derivative exWbited nanomolar afiSni^ 
(see table I) for both receptor types and thus, we fdt, would serve as an appropriate minimum 
acti>e fragment in the deagn of both NMB and GRP receptor Dgands. 

ii) Recognition of the key residues conUined within the minimum active fragment. 

The laigest decreases in N\1B and GRP receptor bimfing afSnty ensuing from the Canine 
scan study occurred when the Trp-S (>1000 fold decrease). Leu-13 (>5000 fold) and Val-10 (>100 
fold) residues of the nwiimum active fragment were replaced by Ala. These findings reveal the 
primary importance of the side chains of these residues in the molecular recognition of AcBB(7.14) 
at bombesin receptors. 

Ui) Incorporation of the side chains of the three most important residues onto a small 
molecule template 

In accord with the peptoid design strategy, the next step was to append the side chams of 
the three most important rcadues, in this case Trp, Leu/Pbe" and Val, onto appropriate smaU 
molecule templates. A variety of small molecule templates were investigated induding, for 
example, urea and secondary amide moieties (unpubBshed results). The highest afEnity lead, 
however, proved to be a mono amino add ligand KS>-1] identified from a limited search of a 
company compound coUection uAig the Trp, Leu/Phe and Val ade chains as search queries. 
Compound (Sy\ (Table 1) is a simple alanine derivative small molecule template on to which is 
q)pcnded Trp, Phe and Val side chains and exhibits excellent affinity and sdectivity for the human 
NMB receptor type (NMB, Ki=95nM). As compound 1 contains the side chain of Phe as opposed 
to a Leu residue," it is, as antidpaied, selective for the NMB receptor type (GRP, Ki>10000nM). 

The relative proximity of these key airino add side chain surrogates is consistent with 
previous modding studies" carried out on AcBB(7-I4) whidi indicate that the heptapeptide adopts 
a y-tum conformation which acts to bring the Trp, Leu and Val side chains dose together in space 
(distances between a-carbons <7 Angstrom). 

In attempting lo reduce the bulk and complexity of the C-terminal phenyl serinol moiety of 
1, we subsequently prepared a limited number of less structurally complex C-terminal derivatives 
(Table 0- Removal of the whole of the phenyl serinol moiety (2. Kj=3700nM) from the C-ierminal 
proved to have a detrimental effea on NMB receptor binding as did, to a lesser extent. exduMOn of 
the phenyl (3, Ki=630nM) and dioxane (4. Kj=4$0nM) groups. Optimal among tWs data set of 
con^xwnds proved to be the simple cydohcxyl derivatives 5 (Ki=3 lOnM) and 6 (Kf=12SnM) with 
the latter rttaining much of the NMB receptor affinity and sdectivity tfi^ayed by 1. We felt the 
cyclohexyl melhylamine derivative 6 was a more appropriate lead than 1 to cany omo the next step 
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Table I : SAR of C-TermlnRi Phenyl Serinol Moiety of Compound 1. 




Compound No. | 


• 




1 NMB, Ki(nM)' 


GRP, Ki(nM)" 


(S)-l 


S 




95 


>10000 


(R)-l 


R 


%}< 

Ph 


420 


>IOO00 


2 


RS 


NUMe 


3700 


>10000 


3 


RS 




630 


>10000 


4 


RS 


NH(CUj)iPh 


450 


>100O0 


5 


RS 


NHCtHii 


310 


>10O0O 


6 


RS 


NHCHjCtHii 


1 25 


>10000 


NMB 






0.068 


56 


GRP 






9.1 


0.04 0 


Bombesin 






2.0 


0.15 


AcBB{7-14) 






2.1 


0.70 



sepusie experiments carried out using |"^|TyT*] 



of the peptoid design strategy siiKC this NMB receptor ligand exhibited equal affinity to its parent 
(1) whilst, importantly, being less stnicturally complex. 

iv) EiDlonition of conformational space of amino acid side chains. 

With this promising lead in hand the next priority was to explore the spatial arrangement 
of the anuno add side chains of the NMB receptor ligand 6. One means of adiieving this objective, 
and a strategy that has previously proved particularly success&l,^ b to incorporate a single methyl 
group at key positions, eg. on ratrogen and a-caibon atoms, on the molecule thus introducing 
conformational constraint. Table D lists the derivatives of compound 6 that were pi^jared in 
following this strategy. With the exception of the "non-methylated* compound (II, Ki^'HOnM), all 
of the roethylBted tJoivatives showed reduced NMB receptor afiSnhy when compared to 6. 
Although the optimal compound firom this study with respect to NMB receptor binding affinity 
proved to be the non-methyiated decivative 11. we decided to proceed with the marginally lower 
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Table II : Exploration orConformaiional Space of Amino Acid Side Giains of Compound 6. 



Compd. 


R 


R' 


R' 1 R* 1 R' 


NMB, 
KKnM) 


GRP, 
KKnM) 


7 


Me 




260 


>10000 


8 




Me 




760 


ISOO 


6 




Me 


125 


>10000 


9 




Me 


490 


>10000 


10 




Me 


440 


>10000 


11 






120 


>10000 



Table III s C-Terminal Derivatives of Compound 6. 




I NMB,Ki(nM) | GRP,Ki(nM) 



12 


S 


Q 


76 


>100O0 






HN ^Ph 






13 


RS 


(RS)-2>aminotetralin 


310 


>10000 


14 


RS 


(RS>-l-aminotetnilln 


72 


>10000 


15 


R 


(S>-l-aminoteiralin 


14 


>10000 


16 


RS 




7.8 


>10000 
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affinity parent compound 6 due to the advantageous properties the a-methyl group may confer on 

In vivo stability." 

v) Optimisation of the side chains to provide a high aflinitv» nan-neptide receptor ligand. 

Having decided upon the opumd spatial amuigement of the side chains surrounding the 
substituted alanine smaU molecuJe template, we then proceeded to optimise, individually, each of 
the three perifdieral side chains. We first turned our attention towards investigating the SAR of the 
C-lerminal eydohejcyl methylamine moiety of compound 6. A selection of key compounds 
prepared for this study are listed in Table 01. Compounds 12 through 14 were prepared in an 
attempt to further understand the dimensions of the NMB receptor binding pocket that interacts 
with the C-tenninal of this class of compound. The amilar NMB receptor binding affinity achieved 
with the 1,2-substituted cyclohcqrl derivative 12 (Ki=76nM) in comparison to the dioxane 
derivative 1, implied thai the hydro|Ailic oxygen atoms were not contributing to NMB receptor 
binding to any great extent. This initial view vm rdnforced by the good receptor binding affinity 
exhibited by the racetric tetrafm derivatives 13 (Ki-310nM) and. most notably, 14 (Ki=72nM). The 
prefened steteochemistiy of the I -substituted tetiaHn derivative was found to be R,S with this 
particular isomer (15) binding to the NMB receptor with an aflRraty of 14nM. Further Kgh affinity 
compounds were obtained by appending aryl moieties to the 1-poation of the cyclohexyl group in 
compound 6. For example the simple raccmic phenyl derivative 16 displayed excellent affinity and 
selectivity for the NNffl receptor (Ki=«7.8nM). However, our preferred compound from tins series 
is the resolved 2-pyridyl variant 17 (PD 165919) since in addition to having good affinity for the 
NMB receptor (Ki-6.3nM) tWs S-configured derivative (S stereochemistry was found to be 
optima] in this series) has improved aqueous solubility over 16. 

Ill vitro Rinctional assays demonstrate that compound 17 (PD 165929) acts as a 
competitive antagonist at the human NMB receptor exhibiting appKs values in line with its binding 
affinity in two separate bioassays (Tabic IV). 



Table IV ; Species Selectivity and /« yUro Functional Activity of 17 (PD 165929). 



NMB Receptor Binding AITinilles In Vitro Funct ional Assays 



Human 


Rat' 


Cytoscnsol* 


Xenopus Oocyte^ 


Ki.n.M 


ICjB. nM 


appKn. nM 




6J 


150 


7.6 


7.5 


(3.5-11) 


(130-170) 


(S.3-n) 


(4.M0) 



a) Values shown icptcseni ihc gcomeuie mean of 3 scparatt cxpcrimaus canied out using |'"nn>T'i bontein in 
Uk presence of P-Phe*) Ixunbesin (6-13) eih) l csier lo bid NMB receptor binding sites in ral clhatxy bulb. 

b) Inliibition of NMB-in4xwl acidiHcauon response at ihe huiran NMB roceptof ttpressed in CHO cells. Values are 
ihe means of al least 3 ddemiinatiaRs." 

c) Inhibilionof NMB-ROked inocases in chloride cuirenis in xenopus oocytes expressing human NMB iicepcors. 
Values leptesent the mean of at least ihioe separate experimems." 
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Characterization of Functional Receptors for Gastrointestinal Hormones on Human 
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ABSTRACT 

Studies dcmonstnlc that wm* colon caoccn possess rcccpton for 
vsrkws gutroiotestiiial hormoDes or aeurotnuttminefs, the occiipadoo 
ot whkb can sffcct growth. These results art limited because frcqneoUy 
oaly a small aambcr of lumon arc studied, oaJy I or 2 receptors are 
soocbt, aad the effect on cell fnnctioB is not iarcstisated. In tlie present 
stndy, 10 rcceotly characterized baman eoloo cancer cell Ums were 
st«dicd to detcraiiM whether they posscM receptors for any of 12 
dilTeftfrt gatiroimestiiial bornooes or acarotraBsmittefs and to determioe 
whether these receptors atediate chaages in ccUidar foactioa. Each of the 
ccU Uaes exhibited receptors for at least ooc radioUgaad. Receptors for 
TssoactiTe iatestiaal peptide (VIP) and muscarinic cboUncrgle agenu 
occivnd oa 60%, bombesin and gastrin on 30%, ^-adrenergic ageoU aad 
gastrlo-relcasiag peptide (GRP) on 20%, aad somatosutla, opiates, 
wHVHMdia B, and substance P oo 10%. Analysis of pHyV-methyisco- 
polamte biadlng revealed a K, of 0.2 nM for Ar-methylscopolamlnc with 
■ blBdli« capacity of 2500 sites/ceU. With the agooUt carbamylcboUoe, 
the receptor exhibited 2 classes of blading sites: one of high afllaity (I« 
55 |iM) represcatiag 75% of the bindhis sites and one of low aRlnlty {Ki 
03 mM) representing 25% of the UodiBg sites. Analysto of '"I-ffyil 
bombesin binding revealed a receptor of high affinity (ir< 2.1 m) with a 
biadfa« capadiy of 3300 sitcs/ccU. Inhibitioo of biadiag by agonists 
revealed relative potencies of "»I.fryr*|bombesln > GRP » ociiroaiedhi 
B, and two recently described antagonisU were simihur in potency to 
GRP. AnaiyiU of "'I-VIP binding revealed a receptor having 2 cUsscs 
of binding sites: one of high affinity (K, 3.6 um) and one of low affinity 
(ir< 1.7 MM) which represented the maiority of the 5.5 x 10* binding 
sites/cell. The rebdve potencies of agonists were VIP > belodemln > 
peptide histidine methiooioe > secretin. Eraloatioa of biological activity 
ncdiated by the muscarinic cboUaergic and bombesin receptors revealed 
an Increase of IntraccUnlar caldom aad of iaositol triphosphate by ipedflc 
receptor agooisU. The presence or sbscnce of recepton detected by 
blading correlated closely with the ability of selective receptor agonists 
to alter cell foactioo. These resiiHs demoostiaie the presence of several 
dlfTerenl rcccpton for gastroiatestinal bomwoes or aeurolransmltteis, 
some described for the first dnc, on bomao coloa cancer cell Unes, 
Including bofflbesia-rcUted peptides, VIP, somatostatin, substance P, ff- 
adreaergic agents, caicllonio geoe-reUted peptide, gastria, muscarinic 
cholinen^ agents, and opiates. These receptors are fuactiooal because 
occupation by selective agonists altered intracellular mediators. These 
results suggest that il will be important to extend these studies to evaluate 
growth effects. 

l>frRODUCTION 

Colon cancer is one of the most common solid tumors in the 
United States, second in frequency only to lung cancer (1). 
Although great strides have been made in the early detection 
and prevention of colon cancer using occult blood testing and 
colonoscopic polypectomy (2), the therapeutic options for ad- 
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vanced disease are limited in their efficacy. At present, the 5- 
year survival of patients with advanced colon cancer remains 
low (3). This has prompted investigators to seek new modalities 
of treatment efTective in controlling the growth and degree of 
difTerentiation of these tumors. 

Recently, receptors for a number of gastrointestinal hor- 
mones have been found on several tumors such as breast and 
prosute and small cell lung carcinoma (4-6). The occupation 
of some of these receptors by agonists or antagonists has been 
shown to modulau tumor cell growth and function (7). Several 
reports have demonstrated the presence of receptors for various 
gastrointestinal hormones on human colon cancer cell lines (8- 
1 1), and a few have demonstrated the biological activity of these 
receptors by studying increases in cAMF or phospholipid 
turnover (1&-I2). In addition, a number of reports have dem- 
onstrated that some of these hormones can aflect the growth of 
colon cancer cells (13-16). For example, gastrin has a trophic 
effect on several human colon cancer cell lines, and some 
authors have suggested that gastrin may be an autocrine growth 
factor for colon cancer cell lines (13-17). Somatostetin has 
been reported to inhibit the trophic effects of gastrin (1 S). These 
reports are limited because only a small number of cell lines 
were examined, the presence of only a few specific receptors 
was investigatetl, the effect of receptor-Iigand interaction on 
cell function was not always exammed, and there was often no 
attempt to correlate the presence or absence of receptors with 
an effect on cell function. This has made it difTicult to determine 
whether the presence of gastrointestinal receptors on colon 
cancer cell lines is common or not, whether all colon cancer 
cell lines possess a number of different classes of receptors for 
gastrointestinal hormones, or whether there is one particular 
receptor that is present on all colon tumors. 

To address these uncertainties, we studied 10 newly charac- 
terized human colon cancer cell lines for the presence of hor- 
mone receptors using 12 different radiolabeled ligands. These 
receptors are characterized pharmacologically on these cell 
lines, their binding characteristics compared to similar recep- 
tors on normal physiological tissues, and the effect of receptor 
occupation on cell function examined by studying intracelluUr 
mediators. These data provide information for future studies 
examining these hormones in modulating colon tumor cell 
growth or differentiation. 

MATERIALS AND METHODS 

'"l-BH-CCK-8 (2200 Ci/mmol). '"I-BH-SP (2200 Ci/mmol), '"1- 
gasuin 17-1 (2200 O/mmol), '"1-VIP (2200 Ci/mmol), '"l-OH-BZP 
(2200 C!/mmol), and |'Hl/V-methylsc«polamine (70-87 Ci/mmol) were 



> Tlw abbreviaiioDS used are: cAMP, cyclic AMP; CCK-S, cholecysiokinin 
octapepiide; '"-BH-CCK-8, '"I-Bolton Hunter-labeled CCK-8; "»1-BH-SP, •"!• 
Bolton Hunlcr-tabeied substance P; VIP, vasoactive intestinal peptide; "'I-OH- 
BZP, ■"l-hydroxybenzylpindolok NMB, neuromedin B; '"I-BH-NMB, '"l-Bol- 
lon Hunter-labeled NMB: GRP. Bastrin-iclcaaini peptide; CSRP. caidloala 
geae-relaied peptide; NMS, methylicivoliniine bromide; ICk. 50% inhi'bitoiy 
coaceoiralion; {Ca"\, concentration of intracellular eytoiolic caldum; IPi, ino- 
sitol tiispbospbaie. 
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obtained from New England Nuclear (Boston, MA). '"I^Tyr*lboln- 
besin (2200 Ci/mmol). "'I-BH-NMB (2200 Ci/mtnol). '»l-secretin 
(2200 Ci/mmol), and "»I-CCRP (2200 Ci/mmol) were prepared using 
the methods described previously (18-21). '"I-Tyr''-somatostatin-14 
(2000 Ci/ramol) and |lS,16-'Hletorphine (30-«) O/mmoI) were ob- 
tained from Amersham Corp. (Arlington HeighU, IL). CCK-8 was 
obtained from Research Plus (Bayonne, NJ); ITyr'lbombesin and GRP 
were obtained from Bachem. Inc. (Torrance. CA); gastrin-!. NMB, VIP. 
secretin, substance P, somatostatin, helodermin, peptide histidine me- 
thionine-27, and CGRP were obtained from Peninsula Laboratories 
(Belmont, CA); pindolol, carbamylcholine chloride (carbachol), and 
NMS were obtained from Sigma Chemical Co. (St. Louis. MO). The 
bombesin analogues were synthesized and characterized as described 
previously (22-24). Etorphine wu from the Laboratory of Chemistry, 
NIH, Bethesda, MD. Media and sera were obtained from Grand Island 
Biological Co. (Grand Island, NV). 

Cell CBltnre. Ten human colon cancer cell lines, recently established 
as previously described, were examined (25). Relevant clinical infor- 
mation regarding the primary site of tumors, culture site of tumors, 
and degree of tumor differentiation is provided in Table 1. Cell lines 
were grown in RPMI 1640 medium supplemented with 5% heat- 
inactivated fetal bovine serum. Adherent cultures were passaged weekly 
at subconlluence after ttypsinization. Nonadherent cultures were pas- 
saged weekly by transfer of floating multicellular aggregates. Cultures 
wert maintained in incubators at 37'C in an atmosphere of 596 CO, 
and 95% air. 

Binding of RadioUbcled Ligand. Adherent cells were scraped from 
the flask with a rubber policeman at least 72 b after last passage using 
trypsin. Cells were washed twice in five-fold volume % of media, spun 
down at 1000 x ^ for 5 min, and resuspended in standard incubation 
buffer consUting of 50 mM Tris buffer, 0.1% bacitracin, 5 mM MgClj, 
130 mM NaCl, 7.7 mM KCI, I mM ethyleneglycol bis(^amino«hyl 
ether)-/VJVA' A'-tetraacetic acid, 4 (.g/ml leupeptin. 2 Mg/ml chymos- 
tatin, ind 0.1% bovine senim albumin at pH 7.4. After washing, the 
viability of the cells was assessed by trypan blue exclusion and was 
>90%, with no evidence of cell lysis. Cells at a concentration of 1$ x 
10* ceils/ml (range. 5-25 x 10* cells/ml), in a volume of 0.5 ml were 
incubated with radioligand at a concentration of 50 pM for '"1-BH- 
CCK-8. '"l-rryr']bombesin, '"1-BH-NMB, '"I-VIP, '"l-sccretin, and 
'"I-OH-BZP-, 100 pM for '"I-gastrin 17-1 and '"I-[Tyr")somatostatin- 
14; 125 pM for '"I-BH-SP and '"1-CGRP; 0.6 nM for ['HINMS; and 
1.5 nM for 115,16-'Hletorphine, for the times and temperatures indi- 
cated. After incubation with iodinated radioligand, 0.133 ml of cells 
were sampled, spun down through standard incubation buffer contain- 
ing 4% bovine senim albumin in a Beckman microfuge at 10,000 x g 
for 1 min, and then washed twice. The pellet was then counted in an 
Auto-Gamma 5000 series gamma counter (Packard Instrument Corp., 
Sterling, VA). After incubation with a triliated radioligand, cells were 
sampled, filtered using glass microfiber filters (GF/C; Whatman Inter- 
national Ltd.. Maidstone, England), and then counted in a liquid 
scintillation spectrometer (Packard Instrument Corp., Sterling, VA). 

Nonsaturable binding was the amount of radioactivity associated 
with the cells when the Incubation contained radioligand plus the 
unlabeled peptide in concentrations of 1-10 mm. Values shown for 
saturable binding are those measuring binding with radioligand alone 
(total binding) minus the nonsaturable binding. All values are for 
saturable binding unless stated otherwise. Dissociation constants were 
determined by the nonlinear, least-squares curve-fitting program (LI- 
GAND) (26). The inhibitory constant values for antagonist binding and 
their relationship to the ICm were calculated by the method of Cheng 
and Prvsoff (27). The number of binding sites were determined by the 
cuive-fitting program (LIGAND) (26) and expressed as binding sites/ 
ceU. 

To establish that the Uganda would bind to the appropriate receptor, 
the activity of all radioligands were tested for binding in cell systems 
known to exhibit receptors for the ligand. Dispersed cells from guinea 
pig pancreatic acini were used for the following ligands: with '"I-fTyr*! 
Bn, 8% of the total counu added bound with a nonsaturable binding of 
<20% of the total counts bound; with "M-VIP. 26% of the total counts 
added bound with a nonsaturable binding of <I0%; with '"l-BH-SP, 



Table I Oumtlmaies of human celon cancer ctUliiut examined 
The primary nimor site, site used for cell culture, and degree of tumor 
difreientiaiion are shown. All cell linn were adbcicm except for NCI-H498, NCI- 
H7I6, and SNU-Cl. Full characteriiation of each cell line b in Ref. 25. 

Cell line Primary site Cuhure site differentiation 

NCI-H498 Ileocecum Peritoneum Mucinoui 

Na-H508 Cecum Abdominal wall Moderate 

Na-H$48 Sigmoid Colorectal Well 

Na-H630 Rectum Uver Well 

Na-H7t6 Cecum Ascites Poor 

Na-H747 Cecum Lymph node Moderate 

NCI-H768 Cecum Colorectal Moderate 

SNU-Cl Descending colon Peritoneum Moderate 

SNU-C4 Transverae colon Colortctal Poor 

SNU-C5 Cecum Colorectal Poor 



9% of the total counts added bound with a nonsaturable binding of 
<20% of the total counts bound; with '"I-secretin 20% of the total 
counu added bound with a nonsaturable binding of <15% of the total 
counts bound; with '"I-gastrin 4% of the total counts added bound 
with a nonsaturable binding of <30% of the loul counts bound; with 
■"l-CCK-8, 10% of the total counts added with a nonsaturable binding 
of <1S% of the loul counts bound; and with '"I-[Tyr"]som3tosiatin, 
10% of the total counts added bound with a nonsaturable of <20% of 
the total counts bound. Guinea pig gastric smooth muscle cells were 
used for the following ligands: with '"I-OH-BZP, 3% of the total 
counts added bound with a nonsaturable binding of <15% of the total 
counts bound; with "'l-CGRP. 4% of the total counts added bound 
with a nonsaturable binding of <I5%; and with pHJetorphlne, 1.2% of 
the total counts added bound with a nonsaturable binding of <25% of 
the total counts bound. Chief cells from guinea pig stomach were used 
for pHlNMS, which bound 5% of the total counts added with a 
nonspecific binding of <10% of the total counts bound. Tissue sections 
from rat esophagus were used for "'I-BH-NMB. which bound 2000 
cpm/seciion (SO pM radioligand added) with a nonsaturable binding of 
<l 5% of the total counts bound. 

The human colon cancer cell lines studied exhibited a nonsaturable 
binding of <15% in all cases in which binding was significant for all 
radioligands except pindolol, for which the nonsaturable binding was 
<30% of the total counts bound. 

IntracelluUr Cakium Mobilization. Intracellular calcium concentra- 
tions were measured using the fluorescence indicator fura-2/AM. Cells 
were loaded with fura-2/AM (Molecular Probes, Inc., Eugene, OR) at 
2 i>M in a volume containing 3.5 x 1 0* cells/ml. The cells were incubated 
in the dark for 40 min at 37*C, washed in standard incubation buffer 
at pH 7.4 three times, and resuspended in standard incubation buffer 
in the original volume. The fluorescence of fura-2-containing celht was 
measured with a dual wavelength excitation fluorimeter (Photon Tech- 
nology International, Inc. So. Brunswick, NJ). The wavelengths were 
340 and 380 nm for excitation and 500 nm for emission. [Ca'*b was 
calculated as previously described by Grynkyewicz et al. (28), using the 
formula: 

tCa'*li = /r. X (/t - R^) 

where Kt is the affinity of rura-2 for Ca'*, determined to be 225 nM, R 
" FuiJFyn is the ratio of the fluorescence with the two excitation 
wavelengths, R^ is the ratio of fwo/fjio in a saturated calcium envi- 
ronment after addition of 0.1% Triton, R^i. is the fluorescence ratio 
at vinually zero calcium by the addition of 25 mM ethyleneglycol 
bis(^aminoethyl tlhtrhN.NJV', Af'-ietraacetic acid. 5/ is the fj„ at 
zero [Ca''li and 5» the fjw at saturated ICa'*]i. All experiments were 
performed with consunt mixing by a magnetic stirrer under the cuvette 

IPj Detenninatioa. Changes in IPj (1, 4, 5) were measured using the 
IP] (1. 4, 5) radioreceptor assay system from Amersham. as described 
previously (29). Cells were incubated at a concentration of 20 x 10* 
cells/ml in 4-(2-hydroxyethyl)-l-pipcrazineethane$ulfonlc acid buffer 
at pH 7.4. Incubations were at 37*C and were terminated by adding 
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trichloroiceiic acid. After cenJiifugation for 15 min at 1000 x g, 0.5 
ml of the samples was extracted five times with 2.5 ml of water- 
saturated diethyl ether and neutralized with KHCOi, and 100 mI of the 
samples was analyzed in the radiorectptor assay. 

DNA Determination. Cellular DNA was dewrrained using the di- 
phenylamlne method described by Burton (30). Duplicate samples of 
cell suspension were assayed for DNA. 

SuristiMl Aoalysis. Differences were analyzed using Student's I test. 
Differences of 0.05 were considered significant. 



RESULTS 

Radiolabeled Ligand-binding Studies. Six of the 10 ceil lines 
exhibited a signiflcant amount of binding of^l-VIP with a 
mean value of 67 fmol/Mg DNA (range, 19-111 fmol/Mg DNA). 
and six cell lines exhibited a significant amount of binding of 
I'HINMS with a mean value of 1332 fmol/»ig DNA (range, 
314-3443 fmol/Mg DNA) (Table 2). Three cell lines exhibited 
a significant amount of binding of '"I-(Tyf'lbombesin with a 
mean value of 126 fmol/>ig DNA (range, 17-294 fmol/<ig 
DNA), and three cell lines exhibited a significant amount of 
binding of '"I-BH-CCK-8 with a mean value of 52 fmol/jig 
DNA {range, 16-70 fmol/<ig DNA). Two cell lines exhibited a 
significant amount of binding of '"I-OH-BZP with values of 
55 and 294 fmol/pg DNA, and two cell lines exhibited a 
significant amount of binding of '"I-CGRP with values of 4 
and 44 fmol/pg DNA. One cell line exhibited a significant 
amount of binding to '"I-BH-NMB with a value of 3 ± 0.002 
fmoI//ig DNA (mean ± SEM), one cell line exhibited a signifi- 
cant amount of binding to '"l-[Tyr"]somatostatin with a value 
of 246 ± 1.5 fmol/^g DNA, one cell line exhibited significant 
binding to '"l-BH-SP with a value of 22 ± 0.1 fmol/Mg DNA, 
one cell line exhibited significant binding to "^I-gastrin 17-1 
with a value of 43 ± 0.2 fmol/Mg DNA. and one cell line 
exhibited significant binding to pH]etorphine with a value of 
6784 ±115 fmol/Mg DNA. None of the 10 cell lines exhibited 
significant binding to '"I-secretin. 

All of the cell lines exhibited binding for at least one of the 
radioligands studied (Table 2). Cell lines NCI-H630 and SNU- 
C4 exhibited binding for only one radioligand each, cell lines 
NCI-H508, NCI-H768, and SNU-Cl exhibited binding for 2 
radioligands each, cell lines NCI-H498, NCI-HS48, NCI-H747, 
and SNU-CS exhibited binding for 3 radioligands each, and 
NC1-H7 16 exhibited binding for 7 of the radioligands studied. 

To further examine the interaction of pHjNMS with receip- 
tors on these cell lines, we studied the binding characteristics 
of this radioligand on cell line H-S08. At 22*C, binding was 
maxima) by 45 min, remained constant for the next 45 min, 
and then decreased thereafter (Fig. 1). Increasing the incubation 
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temperature from 22 to 37'C caused a more rapid time course 
with maxima] binding by 10 min and a progressive decrease 
thereafter, such that, after 120 min of incubation, binding was 
50% that at 22'C. At 4*C, binding was maximal at 45 min, at 
which time it was 50% that of binding at 22'C, and was constant 
for an additional 75 min. Adding 10 mM NMS reduced binding 
of (*H]NMS by 88. 93, and 93% of maximal binding at 4, 22, 
and 37*0. respectively. 

The muscarinic cholinergic agonist, carbamylcholine, and the 
muscarinic cholinergic antagonist, NMS, were tested for their 
abilities to inhibit binding of |'H]NMS. With NMS, detectable 
inhibition occurred at a concentration of 100 pM, half-maximal 
inhibition at 1 nM, and complete inhibition of ('H]NMS binding 
at 1 MM (Fig. 2). With carbamylcholine, detectable inhibition 
occurred at 10 mM, half-maximal inhibition at 300 mM, and 
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Table 2 RadiolabeM pepiida salunbly bound to human eohn canctr etil lint! 
peptides bound to each cell line is shown, is well as tbe peptide bound and of binding ci 
' IF < 0.05) munble bindun detecttd ire lisied. 



!d a> fuMl/M ONA ± SEM (in 



Cell lii 



RadioUbekd peptide utunbly bound 



pepiide bound (fmol/)ig DNA) 



Na-H498 
NC1-HS08 
NCI-H548 
Na-H630 
NCI-H716 

Na.H747 

Na-H768 

SNU.C1 

SNV-C4 

SNV-Ci 



■«HTyi'lbombesin(67* 1)."'I-BH-CCK4(16± I).|'HJNMS (399 * 3) 
'"l-VIPd 1 1 ± 2), I'HINMS (1561 ± 22) 

■»l-»inrin I7-I (43 ± 1). "»l-BH-CCK-8 (70 ± 2), CHINMS (314 ± I) 
■»I-V1P(76*3) 

"•l-fTyi'lbombesin (294 * 7), ""I-BH-NMB (3.5 ± 0.1). "»l.n"n"jMn«losutin (246 ± 2) '"l-BH-SP (22 ± I). '"CGRP 

(44 ± 1). "n-BH-CCK-g (69 ± I). ('HjNMS (344J ± 5S) 
'"1-VIP (19*1), '»I.OH-BZP (55 * I). |»H)e«oiphiBe (6784 * 1 IS) 
"«1.0H-BZP (294 ± 16). [>H)NMS (1002 * 24) 
"*I-VIP (38 * I). I'HINMS (1270 * 41) 
"»I-VIP(99*I) 

'"l-TTyr'lboinbesiB (17 ± I). "*I-VIP (61*2). '"I-CORP (4.4 * 0.1) 
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Fig. 3. Tunc couiw of binding of "'|.(Tyi')bombesin to colon cell line NCI- 
H7 16. Cells were incubited with 50 pH ■"I-(Tyr'|bombab for the timet indicated 
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CONCENTRATION (tog M) 
Fig. 4. Abiliiiei of bombesin agonists (/</)) and antagonists (ng Ar) to inhibit 
binding of ■"Ifryr'lbombesin to colon cell line Na-H716.Celb were incubated 
at 22'C for 30 Bin wW) 50 pM ">l-{TjrT>>nibeiia plus the indicated 
tioM of iigaads. Binding it expitatcd as percentage of "** **^— 
waa aalurably bound in ibc abaeoc* of ligand. foiiia. i 
tcparatc expcrimenti; mllulban, SEM. 



Table 4 Ability of^arioia bombesin-rtlattd peptides to Inhibit binding t^<"l. 

fTyr'Jbombesin to human colon cancer cell lint NCt-H7l6 
Values arc meant ± SEM of at least 4 experiments. Xi values were calculated 
according to the method of Cheng and Prusoff from the experiments shown in 



Peptide AT, (niw) 


[Tyr'Ibombcsin 


2.1 :t 0.1 


GRP 


6.6 ± 1.3 


Neuromedin B 


700.0 ± 200.0 


|0-Phe^BB(6-l3)propyiamide 


5.9*0.8 


|D-Phe«.Uu'V(CH,NH),Cpa»)Bn(6-l4) 


7.0 ± 0.8 



complete inhibition at 30 niM (Fig. 2). Computer analysis of 
the broai) dose-inhibition curve of [*H]NMS binding by carba- 
myicholine was best fit with a model having 2 classes of binding 
sites. Computer analysis demonstrated 2499 ± 153 binding 
sites/cell (mean ± SEM, n-f>) of which 7S% had a high affinity 
for carbantylcholine {Kt SS ± 7 mm) and 25% had a low aRinity 



(Ki 0.33 ± 0.03 mM) (Table 3), The computer analysis of the 
dose-inhibition curve of ['H]NMS binding by NMS was best fit 
by a model having a single class of binding sites, demonstrating 
that the antagonist could not distinguish between the musca- 
rinic cholinergic receptors having high and low affinities for 
the agonists. The analysis demonstrated 2499 ± 153 binding 
sites/cell (n = 6) having a Ki of 0.20 ± 0.04 nM (Table 3). 

To examine the interaction of '"l-[Tyr^lbombesin on these 
human colon cancer cells, we studied the binding characteristics 
of this radioligand on cell line NC1-H716 (Fig. 3). [Tyr*) 
bombesin, an analogue, has previously been shown (18) to be a 
high-aflinity radioligand useful for identifying receptors that 
interact with bombesin and structurally related peptides. At 
22*C, there was a steady increase in binding such that maximal 
binding occurred at 90 min. Increasing the incubation temper- 
ature to 37'C caused a more rapid time course with a leveling 
off of binding at 45 min for the next 75 min, such that the 
amount of binding at 1 20 min was 85% that at 22'C. Decreasing 
the incubation temperature to 4'C caused a deaease in binding 
such that maximal binding was not reached until 120 min, at 
which time it was 30% that at 22'C. Adding 1 m [Tyf ] 
bombesin to the incubation reduced binding of "*I-(Tyr*]bom- 
besin by >9S% at all temperatures (Fig. 3). 

To characterize the subtype of bombesin receptor present, 
various bombesin receptor agonists and antagonists were tested 
for their abilities to inhibit binding of '"I-[TyT*]bombesin. Of 
the agonists tested, (Tyf')bombesin was the most potent (Fig. 
4). Detectable inhibition of '"l-|Tyr*)bombcsin binding oc- 
curred with 0.1 nM [Tyf)bombesin, half-maximal inhibition 
with 3 nM, and complete inhibition with 100 nM (Fig. 4). 
Computer analysis of the dose-inhibition curve of '"I-fTyr*] 
bombesin binding by (Tyr^jbombesin was best fit by a model 
having a single class of binding sites. The anplvsis demonstrated 
3312 ± 301 binding sites/cell (n = 3) of hign affinity (K^ 2.1 
nM). For inhibiting binding of '"I-|Tyr*]bombcsin, (Tyr*jbom- 
besin was 3-fold more potent than GRP (JST, 6.6 ± 1,3 nM, n = 
3; Table 4) and 300-fold more potent than NMB (/f, 700 ± 200 
nM. n-V, Table 4). Of the two recently described (23) bombesin 
receptor antagonists tested, (i>-Phe*]Bn(6-!3)propylamide was 
the more potent, having a Kx of 5.9 ± 0.8 nM, which is only 3- 
fold less potent than (Tyr*]bombesin in inhibiting the binding 
of '»l-[Tyr*)bombesin. [D-Phe*,Uu", ^KCH,NH)Cpa'*jBn(6- 
14) was also potent, having a Ki of 7.0 ± 0.8 nM (n = 3; Fig. 5, 
Table 4), which is 3.3-fold less potent than fTyr'Jbombesin 
(Table 4). 

To examine the interaction of "*1-VIP on these human colon 
cancer cell lines, we studied the binding characteristics of this 
radioligand on cell line SNU-C4. At 37'C, there was a steady 
increase of binding, reaching a plateau at 45 min, remaining 
stable for an additional 45 min, and then decreasing (Fig. 5). 
Decreasing the incubation temperature to 22'C slowed the time 
course such that a plateau was reached at 60 min, at which 
point binding was 96% that at 37'C. Decreasing the incubation 
temperature to 4*C caused a decrease in the rate of binding 
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such that the amount of binding at 120 min was only 17% that 
at 37'C. Adding 1 iiM VIP to the incubation reduced binding 
of '"I- VIP by 97, 96, and 80% at 37, 22, and 4-C, respectively 
(Fig. 5).88 

To characterize the '"I-VIP binding sites further, various 
VIP-related peptides were tested for their abilities to inhibit 
binding of '"I-VIP (Fig. 6). VIP was the most potent with 
detectable inhibition at 1 nM, half-maximal inhibition at 6 nM, 
and complete inhibition at 30 ttM. Computer analysis of this 
broadly based dose-inhibition curve of '"I- VIP binding by VIP 
was best fit with a model having 2 classes of binding sites. The 
analysis demonstrated 5.5 x 10* binding sites/cell (n = 6) of 
which 20,000 ± 4.200 binding sites/cell (n = 6) had a high 



alTmity for VIP {K^ 3.6 nM) and the remainder had a low 
affinity for VIP {Kt 1,7 mm). Helodermin caused a detectable 
inhiliition of '"I-VIP binding at 3 nM (Fig. 6, Table 5) and was 
4-fold less potent than VIP (ICjo, 20.2 dm, Table 5), peptide 
histidine methionine was 25-fold less potent than VIP with an 
ICm of 139 nM and secretin as 400-fold less potent than VIP 
with an IC» of 2121 nM (Table 5). 

Studies of Changes in CytosoUc Calcium ConcentratioD. Im- 
munortactive bombesin-like peptides, as well as other gastroin- 
testinal peptides and neurotransmitters, have been localized to 
intestinal epithelial cells as well as other gastrointestinal tissues 
(31-40). Binding of a number of these agents such as bombesin, 
CCK-8, or muscarinic cholinergic agents to their speciflc recep- 
tors has been shown to alter intracellular caldum (7, 33, 35). 
To examine whether occupation of these various receptors on 
human colon carcinoma cell lines resulted in similar biological 
activity, we studied the ability of [Tyi^Jbombesin or carbamyl- 
choline to alter intracellular calcium in the human cancer cell 
line, NCI-H716. [Tyr*]bombesin caused a rapid transient in- 
crease in (Ca'*li (Fig. 7). The increase was detectable at O.I nM 
with a 12 ± 3% (n =■ 6) Increase of [Ca'l above baseline (Fig. 
8). Maximal ICa'*Ii mobilization was detected with 1 nM [Tyr*] 
bombesin, giving a 266 ± 15% (n = 6) increase above baseline, 
and half-maximal stimulation was detected at 20 nM (Fig. 8). 
Receptors for muscarinic cholinergic agents were also found on 
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Table 5 Aiilily of yiP-sarttin-nUutd ptplidts lo initract with VIP naplon on 
coioK ctuictr ctU line SNU-C4 
Values are means ± SEM of at least $ experiments. IC» is the conccniniion 
of agonist requited to inhibit saturable binding of '"I-VIP by 50%. Values were 
calculaled from the Hperimenu shown in Fig. 6 by the method of Cheng and 
Prusofr(27). 




(s«c) 

Fig. 7. Ability of the bombesin and miticarinic cholinergic receptor agonists 
or aniagoniiu to alter intracellular calcium !a Na-H716 human colon cancer 
cells. Na-H7l6 eeUs were loaded with 2 xim fiin.2/AM, washed, and miupended 
in standard iocabation bulTer. fTyrlbombesia (0.1 «im) was either added alone 
Um or 10 s after the bonbeain antagonist [i>Phe«lBn(6-13)melbyl eitor Iriglil). 
Caibacbol (1 mM) wu added 10 a after the [ryfjbombeun (r ' ' - ' ' 
ment is repres«nuih>e of 4 others. 
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NCI-H716 cells, and cwbachol was therefore studied to deter- 
mine whether occupation of the cholinergic receptor altered 
[Ca'*li. At a concentration of 1 mM carbamylcholine, there was 
a rapid transient increase in [Ca'*), of 279 ± 22% (n = 6) above 
baseline (Fig. 7). 

To establish that (Tyf Ibombesin was in fact mediating its 
effects on intracellular calcium by interacting with bombesin 
receptors, we tested the ability of the specific bombesin receptor 
antagonist, [D-Phe'lbombcsin(6-13)methyl ester (24) to inhibit 
the action of bombesin (Fig. 7). When 0.1 hM (Tyr*lbombcsin 
was added to NCI-H716 cells, the [Ca'*]i increased by 259 ± 
21% (n = 6) above baseline (Figs. 7 and 8). The addition of the 
specific bombesin receptor antagonist, [i>-Phe*lBn(6-13)methyl 
ester, caused no increase in (Ca'*], but totally blocked the 
increase in cytosolic calcium caused by 0.1 mM [Tyr*lbombcsin 
added immediately after the anUgonist (Fig. 7). The inhibitory 
action of the antagonist was specific for the bombesin receptor 
because the antagonist did not effect the increase in cytosolic 
calcium caused by carbamylcholine (Fig. 7). 

To determine whether a cell line without detectible bombesin 
or muscarinic cholinergic receptors responded to these agents, 
we examined cell line SNU-C4 which does not exhibit receptors 
for either bombesin or muscarinic cholinergic agents. There 
was no increase in [Ca'*]i detected in this cell line with 1 pM 
(TyT*)bombesin or 1 mM carbamylcholine (data not shown). 

Cellular Inositol Triphosphate Studies. Bombesin and mus- 
carinic cholinergic agents have been reported to activate phos- 
pholipase C, cause the breakdown of phospholipids, and in- 
crease phosphoinositides in intestinal epithelial and other cells 
(7, 10, 1 1). To determine whether receptor occupation by these 
agents had a similar effect on human colon cancer cell lines, 
we studied the ability of the bombesin receptor agonist, [Tyr*l 
bombesin, or the muscarinic cholinergic receptor agonist, car- 
bamylcholine, to inaease Ip3(l, 4, 5), the biologically active 
IP, Isomer which alters cellular calcium. Also, to assess whether 
the presence of receptors for these agents correlated with the 
ability to alter IP3(1, 4, 5), colon cell lines with and without 
detected receptors for these agente were tested. lTyr*]bombesin 
(1 nM) in Na-H716 cells, which possess bombesin receptors, 
caused a 4-fold increase above baseline in IPj(l, 4, 5) within 5 
s (Table 6). Carbamylcholine (1 mM) in NCI-H7 16 cells, which 
also have receptors for muscarinic cholinergic agents, also 
caused a 4-fold increase in IPj(l, 4, 5) within 5 s (Table 6). The 
human colon cell line, Na-H508, which has receptors for 
muscarinic cholinergic agents but not for bombesin, responded 
to 1 mM carbamylcholine with a 2-fold increase in IPj(l, 4, 5) 
within 5 s but did not respond to 1 fiM (Tyr'lbombcsin (Table 
6). SNU-C4 cells, which do not have receptors for muscarinic 
cholinergic agents or for bombesin, did not respond to these 
agents with an increase in IP](1, 4, 5) (Table 6). 

DISCUSSION 

The present results demonstrate that human colon cancer 
cell lines frequently possess functional receptors for a number 
of gastrointestinal hormones or neurotransmitters. Prior stud- 
ies (8-1 1) of the presence of these receptors on human colon 
cell lines or colon cancers were limited in a number of ways. 
Frequently, only one receptor on an individual human colon 
cancer cell line or cancer tissue was studied, making it difficult 
to determine whether the presence of these receptors was a 
common or an uncommon finding. The effect of receptor oc- 
cupation by agonists on cell function was not always examined, 
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IP. (1.4.5) (pmol/rtDNA) 


No 
iddition 


(TyT*lboinbesin Carbtmylcholine 
(1 «M) (1 mM) 


Na-H7I6 


I.l ± 0.2 


4.4 ±0.8* 4.5 ±1.1' 


Na-H508 


1.3 ±0.2 


1.4 ±0.2 2.4 ±0.4* 


SNU-C4 


1.0 ±0.2 


1.2 ±0.3 1.0 ±0.1 



' SitniTicastly dilTetenl from corresposdiaf value witb DO iddition (P < O.OS). 



and there was often no attempt to correlate the presence or 
absence of receptors with an effect on cell function. With the 
recent availability of a number of well-characterized human 
colon cancer cell lines, it has become possible to systematically 
address each of these points. Ten well-characterized human 
colon cell lines were examined for the presence of functional 
receptors for gastrointestinal peptides or neurotransmitters. 

Each of the 10 cell lines tested exhibited binding sites for at 
least one ligand, and the only ligand that did not exhibit a 
binding site on any of the cell lines was radiolabeled secretin. 
The binding of the 12 radiolabeled ligands tested on the 10 
colon cancer cell lines could, theoretically, reveal a maximum 
of 1 20 receptors if all of the cell lines bound all of the ligands. 
A total of 27 receptors of a possible 120 (23%) were exhibited, 
demonstrating that the presence of receptors for gastrointes- 
tinal hormones and neurotransmitters on human colon cancer 
cell lines is not an uncommon occurrence. 

The binding characteristics of ('H]NMS support the presence 
of a specific receptor for muscarinic cholinergic agents which 
is similar to muscarinic cholinergic receptors previously de- 
scribed on intestinal epithelium (35, 36, 40). Although there 
are at least 5 different muscarinic cholinergic receptor subtypes, 
in the present study we did not attempt to distinguish these 
subtypes. The binding of ['H]NMS was temperature dependent, 
saturable, and specific. Similar to these other gastrointestinal 
tissues (33, 34), computer analysis of the binding revealed 2 
classes of binding sites which interacted with different affinities 
with the muscarinic, cholinergic agonist, carbamylcholine, and 
with the same high affinity with the muscarinic cholinergic 
anugonist, A'-methylscopolamine, or quinudidinyl benzilate 
(40). Seventy-five % of these sites had a high affinity for 
carbachol {Kt 55 mM), and 25% had a low affinity for the agonist 
{Ki 0.3 mM). These characteristics are very similar to those 
reported for the muscarinic cholinergic receptor found in a 
highly enriched preparation of chief cells prepared from guinea 
pig stomach (34). The muscarinic cholinergic chief cell receptor 
also exhibits 2 classes of binding sites, 73% with a high afTmity 
(Ki 53 mm) and 27% with a low affinity (Ki 4.6 mM) for 
carbachol. Further evidence supporting the conclusion that the 
binding was to a muscarinic cholinergic receptor on human 
colon cell lines was the ability of the muscarinic cholinergic 
receptor agonists to elicit biological response. Carbachol only 
stimulated a change in cytosolic calcium or inositol trisphos- 
phates in those cells in which the muscarinic cholinergic recep- 
tor was identified by binding studies. 

The binding results with '"I-fTyr^Jbombesin support the 
conclusion that it is binding to a bombesin receptor in that the 
binding was time and temperature dependent, saturable, and 
specific Interaction was with a single class of high-afllnity 
binding sites (Kt 2.1 nM), exhibiting 3312 binding sites/cell. 
Although the bombesin receptor has not been previously de- 
119 
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scribed on human gastrointestinal colon cancer cell lines, it has 
been extensively studied in a number of other tumor cell systems 
(6. 7, 41. 42). Similar to the bombesin receptor here, the 
receptor described on various tumor cell lines, such as on small 
cell lung cancer and prostatic adenocarcinoma, has a high 
BfTinity for bombesin (Ktl.l n.M) with 6444 binding sites/cell 
and 2 nM, respectively, and is similar to that in normal tissue 
such as the mouse fibroblast 3T3 cells which has an affmity of 
O.S nM or in dispersed acini from normal guinea pig pancreas 
of 4.4 nM with 5400 bindmg sites/cell (7, 18, 41, 42). Further 
evidence of the presence of the bombesin receptor was shown 
by the ability of 2 newly described bombesin antagonists (23, 
24), having a high aflinity and speciHcity, to inhibit the binding 
of '"l-lTyi^)bombesin. In recent studies (19, 43), two subtypes 
of bombesin receptors have been described. One has a high 
affinity for the mammalian bombesin-related peptide GRP and 
low afTmity for NMB, and the other has a high afTmity for 
NMB and lower affinity for GRP. These bombesin receptor 
antagonists have a high affinity only for the GRP-preferring 
subtype (43), demonstrating that the bombesin receptors iden- 
tified on human colon cancer cells are of this subtype and 
similar to those identified on 3T3 cells, the pancreatic tumor 
cell line AR42J, and normal pancreatic acinar cells, as well as 
some areas of the central nervous system (43-45). The ability 
of bombesin to cause an increase of cytosolic calcium and 
inositol phosphates in human colon cancer ceils exhibiting 
binding of "*I-(TyT*]borabesln was additional evidence of the 
presence of a specific bombesin receptor which was functional. 
That the bombesin binding site identified represented the re- 
ceptors mediating biological activity was suggested by the result 
that there was a close correlation between the ability of bom- 
besin to occupy the bombesin receptor and inhibit binding of 
'"I-lTyr*lborabesin and to increase intracellular calcium. In 
addition, the fact that bombesin was altering biological activity 
through the bombesin receptor was demonstrated, in that the 
increase of cytosolic calcium was blocked by specific bombesin 
receptor antagonisu which did not effect a subsequent response 
elicited by carbachol. 

The binding sites identified using '"I- VIP suggest that they 
represent an interaction with a VIP receptor in that it is 
saturable, specific, and time and temperature dependent. Fur- 
thermore, there are 2 classes of VIP-binding sites, one having 
a high affinity for VIP (Kt 3.6 nM) and the other having a low 
affinity for VIP (K^ 1.7 ftwi). The binding characteristics of this 
receptor are very similar to those described in a number of 
other tissues such as dispersed pancreatic acini from guinea pig 
pancreas which exhibits 2 classes of binding sites, 90% having 
a low affinity (Kt 0.5 im) and 10% having a high affinity (Kt 
1,1 nM) for VIP (46). Receptors for VIP have also been de- 
scribed on human colon and human gastric cancer cell lines (9, 
47). In both of these cases, as well as in a human intestinal cell 
line (38), the receptor was of high affinity (X< 0.12 hm in colon, 
2.5 nM in gastric, and 0.13 nM in intestine), but only one 
binding site was exhibited. This difference raises the possibility 
that the VIP receptors previously described on human colon 
cancers (9), which exhibit only a single site, are in fact different 
from the VIP receptors described here that exhibit 2 sites, but 
it is more likely that these differences are due to methodological 
differences. The low-affinity VIP-binding site would not have 
been demonstrated if a nonsaturable concentration of 0.01-1 
fiM ViP was used as in the previous studies (9, 38, 47), as 
opposed to a nonsaturable concentration of 10 mm VIP as was 
used in these experiments and in the study of pancreatic acini, 
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which demonstrated a 2-site model (46). The biological activity 
of the VIP receptor on these cell lines has not yet been studied. 
However, previous reports have described the presence of func- 
tional VIP receptors on the human colon cancer cell line, HT- 
29, that exhibits an increase in cAMP in response to VIP (9, 
12). 

Because of the limited availability of gastrointestinal tumor 
cell lines of human origin, only occasional reports of the pres- 
ence of receptors for gastrointestinal peptides on human tumor 
cell lines have been published (8-1 1, 47-50). Human colon 
cancer cell lines have been reported to exhibit high-affinity 
receptors for VIP demonstrated by radioligand binding and a 
cAMP response on the human colon cell line HT-29 (9, 12). In 
addition, receptors for muscarinic cholinergic agents were dem- 
onstrated by radioligand binding and inositol phosphate turn- 
over on the human colon cell line HT-29 (10, 1 1), and receptors 
for gastrin were demonstrated by radioligand binding on the 
human colon cell line LoVo (8). Human gastric cancer cell lines 
have been reported to exhibit receptors for muscarinic cholin- 
ergic agents, demonstrated by radioligand binding on 2 of 4 
newly established cell lines (47), receptors for VIP, demon- 
strated by radioligand binding, and a cAMP response on the 
cell line HGT- 1 (50) and 4 of 4 newly esubiished cell lines (47), 
receptors for gastrin demonstrated by radioligand binding on 
several cell lines (51), and receptors for histamine Hrreceptor 
agonists, gastric inhibitory peptide and glucagon by a cAMP 
response on cell line HGT-1 (52, 53). Human pancreatic cancer 
cell lines have been reported to exhibit receptors for VIP by 
radioligand binding and a cAMP response on cell line capan-l 
(54) and receptors for muscarinic cholinergic agents by radioli- 
gand binding and inositol phosphate formation (55). Of the 
receptors studied, only those for VIP, gastrin, and muscarinic 
cholinergic agents have been previously described on human 
colon cancer cell lines. The present study is the first to dem- 
onstrate the presence of receptors for bombesin, CGRP, NMB, 
somatostatin, subsunce P, ^-adrenergic agents, and opiates on 
human colon cancer cell lines. 

During the past several years, much attention has been given 
to the role of gastrin in promoting the growth of human colon 
and gastric cancer (8, 13-15). Gastrin has been reported to 
increase the growth of various human colon cancers or gastric 
cancers implanted into nude mice and the gastrin/cholecysto- 
kinin receptor antagonist, proglumide, to inhibit the growth 
(15, 16, 56). Gastrin receptor content of colonic neoplasms has 
been reported to have prognostic significance (57). In other 
studies, gastrin receptors have been identified by radioligand 
binding on some human colon and gastric cancer cell lines (8, 
51). Although a number of the reports demonstrated the pres- 
ence of these receptors on only one or 2 cell lines (13, 56), at 
least 2 reports demonstrated gastrin receptors on 4 or 5 cell 
lines (14, 51). In our study, gastrin receptors occurred on only 
10% of the human cancer cell lines, suggesting that they occur 
relatively infrequently. These results are in agreement with 
reports describing gastrin receptors on a small number of 
tumors (13, 15, 56) but are at variance with reports describing 
gastrin receptors on a number of human colon cancer cell lines 
(14, 51). Several explanations could account for this difference. 
It is possible that receptors were present but not detected 
because of the methodology, loss of receptors during cell prep- 
aration for binding studies such as due to cell lysis and loss of 
membranes, or the conditions were not optimal for binding. 
These possibilities seem unlikely because cell integrity was 
assessed by trypan blue exclusion, cells were rapidly processed, 
120 
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and the Ugands bound well to control cells using similar con- 
ditions. In both previous reports, as well as the present study 
(14, 51), the human colon cancer cell lines were maintained in 
media containing 5-10% fetal bovine serum; however, different 
media with different supplementation were used in the different 
studies, and this possibly may have an effect on the number of 
receptors present on the cell surface at any given time. We 
studied 7 cell lines which originated in the United States and 3 
which originated in Korea, while Weinstock and Baldwin (51) 
studied human colon cancer cell lines originating in Japan and 
Australia, and Watson et a/. (14) studied cell lines originating 
in the United Kingdom as well as other origins. Thus, it is 
possible that the human colon cancer ctll lines derived from 
tumors in diflerent geographic locations have difTerent biolog- 
ical characteristics. Another possibility could be the length of 
time that the cell lines have remained in culture. In the report 
by Watson et ai. (14), 4 freshly disaggregated human adenocar- 
cinomas responded to gastrin, 2 newly established colon cancer 
cell lines responded to gastrin at passage 2 but not passage 6, 
and 8 established colon cancer cell lines did not respond to 
gastrin, but 1 of these lines responded to gastrin during syn- 
chronization of the cell cycle. The established cell lines in the 
report by Watson et al. (14) were passaged >500 times, a 
substantially high number of passages. This latter study sug- 
gests that the ability of some colon tumor cell lines to respond 
to a peptide and perhaps the presence of its receptor is a 
dynamic process that may change during the course of the cell 
line. This raises the possibility that the percentage of human 
colon cancer cell lines demonstrating gastrin receptors In this 
study may actually be an underestimate of the presence of 
gastrin receptors in the original human colon cancer (issue from 
which the tumor cell line was derived. A recent study of surgical 
specimens from 67 patients with primary colon cancer supports 
this possibility (57). In this study (57), 57% of the specimens 
examined were reported to possess gastrin receptors. Of further 
interest is the number and variety of receptors for gastrointes- 
tinal hormones or neurotransmitters demonsuated on the hu- 
man colon cancer cell lines, compared to those previously 
reported on the human gastric cancer cell lines, using the same 
ligands as in the present study (47). A greater number of 
receptors for hormones and neurotransmitters were exhibited 
on human colon cancer cell lines, i.e., 11 of the 12 (92%) 
different receptors sought were present on at least one colon 
cell line, compared to only 2 of 9 (22%) receptors found on 
human gastric cancer cell lines. At present, the basis for this 
difTerence is unclear, as is the possibility that gastrointestinal 
hormones may have a greater effect on colon cancer cell growth. 

As mentioned earlier, one of the prime interests in establish- 
ing the presence of receptors for gastrointestinal peptides or 
neurotransmitters on gastrointestinal tumor cell lines is to 
determine whether they exhibit biological activity and to estab- 
lish whether alteration of intracellular mediators has a mito- 
genic effect on cell differentiation. This has been shown to be 
the case for the gastrointestinal peptide, bombesin, which in- 
teracts with high-afllnity receptors on small cell lung carcinoma 
(7, 58). Many of the classic small cell lung carcinoma cell lines 
exhibit receptors for bombesin, and bombesin has been shown 
to modulate an autocrine growth effect which can be inhibited 
by bombesin receptor antagonists or by bombesin antibodies (6, 
7, 59, 60). The present study demonstrates that bombesin 
receptors and muscarinic cholinergic receptors on the human 
colon cancer cell lines could alter intracellular mediators in the 
tumor cells. This suggests that occupation of the GRP-prefer- 



ring bombesin receptors or muscarinic cholinergic receptors by 
agonists causes a similar cascade of changes in intracellular 
mediators in human colon cancer cell lines as that reported in 
other neoplastic as well as normal tissues (7, 33). Previous 
studies have demonstrated that bombesin as well as muscarinic 
cholinergic agents activates phospholipase C and causes the 
breakdown of polyphosphoinositides and mobilization of cyto- 
solic calcium (7, 33, 55). Agonists for each of these receptors 
increased the biologically active inositol trisphosphate, IP](1, 
4, 5), and caused increases in cytosolic calcium. Previous studies 
have demonstrated that occupation of VIP receptors on some 
human colon cell lines can activate adenylate cyclase and in- 
crease cellular cyclic AMP (50); however, this was not deter- 
mined in the present study. It is not established whether occu- 
pation of these receptors in the present human colon cancer 
cell lines will alter growth or differentiation. 

In conclusion, we demonstrated the presence of several dif- 
ferent receptors for gastrointestinal peptides or neurotransmit- 
ters on human colon cancer cell lines including receptors for 
bombesin, neuromedin B, VIP, somatostatin, substance P, p- 
adrenergic agents, CGRP, gastrin, CCK, muscarinic cholinergic 
agents, and opiates. Occupation of these receptors altered in- 
tracellular mediators. The binding characteristics of these re- 
ceptors are very similar to receptors described on normal phys- 
iological tissues in their aflinities, specificities, and response to 
agonists and antagonists. The results provide a basis to examine 
the effect of occupation of these receptors by agonists or antag- 
onists in cell growth or differentiation. 
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We report here ttie remits of studio on the ln Yitro receptor Wndhg 
affinfty, in vivo tumor uptake and biodbtifcufic^ pf"tv«o '^To- 
labeled peptides. Metiiods: Peptides P587 and P829 were synthe- 
sized fcy N-tt-Frhoc p^tide diemistry, purified by reversed-phase 
HPLjC and characterized by fest-atom bombardment mass, spec- 
trometry. The peptides were labeled with by.^pid »cch^e 
from ®*?To^ucoheptonateV In vitra:somatostalin rao^Ttors^STl^ 
bindirig affinitSes of P587, P829 and their oxorhenium complices, 
piPAjoctreotide and In^pTFW^ctreotfde were<ri8tern*ied:in an 
Inhibition assay using AR42J rat pancreatic tumor cell membranes 
and ^^l-fryr^somatostatin-14 ^ the proba Jn vivo dngle- and 
dual-tracer studio of ^^c peptides and """in-lpTPAloclreotide 
were carried out u^ng Lewe rials bearing C^0948 rat pancreatic 
turner implants. Results: Technetiuni-99rh-P587 arki ^*To-P829 
of high-specific activity (>60 Ci (2.2 TBcd/mmole) were prepared in 
>90% radiodiemical yield, P587 and P829 had a W = 2.5 nM and 
10 nM,. respectively. [ReO]P587 and [ReO]P829, represenlirig .the 
^*^c oorx^letesi.had Ki 0.15 nW and 0.32 nM, respeclwely. Iri 
comparisori, PTF^Ajocfreotideand ln-(prrPA]ociriepticiehad.l<I = 1.6 
and 15,nM, respedivdy. In vivo tumor uptake of '^o-P587 and 
^o-Pm was high (4.1 and 4,9%lD/g at 90 mln fwstinJesfiOT ' 
compared to 2.9% for ''".ln-[DTPAloctredtkle). Tumor/blood and 
tumor/musde ratios at 9.0 miri po^jection' were 6 suid 33 for 
^c-P587, 21 and 68 fbr.^"Tc-P829. and 22 and 64 for "^In- 
pTPAJoctreoStide. Condu^on: The high SSTO-bindaig affinity^ 
h'^ rec^piavspecite and saturable, in vivo tumor uptak€> indicate 
tiial ^c^P587 and f^c-P^ are.promising radiotfaQersfeM-the 
dinioai detection of SSTR-expressing tumors and oSier ISss'u^ by 
®*^C gamma scintigraphy. 

Key Words: tumor imaging; somatostelin receptor Irre^ir^; tedv 
netiuh>99m; peptkte; receptor binding 
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Natural somatos^tin, also knovm as sonmtotrdpih lelease 
inbilHting &ctaE (^SSP fx SRIF-14X is a cyclic tetradeci^qitide 
(Table 1) whict is produced by fhe^pofhalamiis and pancreas 
and ysrhich, throng binding to specific receptors and possibly 
throu^ subsequeait induced reduction -in cellular cyt^c AMP, 
inhibits &e secretion ojf many hormones and gr<nv1ii Victors 
{2,3). Receptors for SRIp Imye been found in the central 
nervous system, pituitary, pancreas arid in the mucosa of the 
gastrointestinal tract. Five subtypes of human SRIF receptors, 
conventionally termed somatosjtatin-type receptors or SSTRs, 
hence SSTRl, SSTR2, SSTR3, SSTR4 and SSTRS, have been 
cloned (-^-7). 

Most neuroendocrine tumors and their metastases ejq^ess 
SSTEls to a much greatear extent than do normal tissues {8-11). 
The types of tumors which have been found to express- SSTRs 
include tumors of the amine^precursor-uptake-and-decaiboxyl- 
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ation (APUD) cell system (APUDomas) such as small-cell lung 
cancer, endooriiie paiicreatic tumors, metastatic carcinoids 
growth horinone^producing pituitary adenomas, paragaaglio! 
mas, lymphomas (mainly Hodgkins), astrocytomas and menia. 
giomas as well as some colorectal, breast and prostate cancers 
(as determined by '^I-[Tyr^]octreotide autoradiography (P)), 
SSTR2 appears to be the predominant SSTR sub-type expressed 
by these tumors (iftii). 

SSTR-e>q>ressing tumors can be treated with SRIF or syu- 
flietic analogs to either reduce hypersecretipn of hormones or 
inhilnt tumor growth, or both (5). However, because SRIF . 
undergoes rapid in vivo enzymatic degradation, SRIF analogs 
which are more resistant to in. vivo degradation have been 
prepared {12-16). 6ctteptide .(Sand(^i;atm.®; SMS 201-995) 
(Table 1) is. a synthetic SRIF analog which is curraitiy in 
clmical use for treating the hypeisecfetion of hormones ^ymy 
tomatic of gastroenteropaacreatic (GHP) tomorsj, and acromeg- 
aly and is approved m the US for treatment of carcinoid tumors 
and Vipomas (72). 

Lamberts and Krenning et al. {1,8,17,18) and Kvols et al. 
{19) have shown the radiolabeled octreotide .derivatives, '^^I- 
[Tyr3octEeotide and "*Ia-;[DTPA]octreotide, to be very usefiil 
for detecting small neuroendocrine tumors and metastases not 
detected by conventional means and for identifying tumors that 
respond to tiierapeutic doses of octreotide. Nevertheless, a 
^^Tc-labeled SSTR-binding radiotracer is highly desirable for 
routine nuclear medicme studies because ^^c is considerably 
leiss'ejqpensiire than ^ "ih and because ^Tc provides a greater 
phbton flux, and- hence better, quality images, per unit of 
absoibed laidiatian dose. 

We have develiqied a'nmnber of unique, high-affinity SSTR- 
Wri^ng peptides wfaidi can be radiolabeled readily with ''"T"c 
with retention and, in liiany. cases, enhancement of SSTR- 
bindii^ afBnily (2C!), Qf these; "^^c-PSS? and '^Tc-PS^P 
were selected far clinical studies and we describe their preclin- 
ical' evahiatioiL 



MATERIALS AND METHODS 
Peptide Synthesis 

Peptides P587, P829, octreotide , and [DTPA]octreotide (sec 
Table 1 for sequences) were synthesized at Diatide, Inc. (Lon- 
dondaiy, NH) using botii solution and solid-phase peptide syntlie^ 
sis teclmiques' and N-d-Fmoc chemistry. Detaik of the syntheses 
will ^pear elsewhere. The peptides were purified by preparative, 
C,8 reversed-phase HPLC using a Deita-Pak C^g, 15 /uri, 300 A, 
47 X 300^mai column and 0.1% trifluoroacetic acid in water (0-1% 
TFA/HzO) modified with 0.1% ttifluoroacetic acid in 90% aceto- 
nitrile/10% water (0.1% TFA/(90% CH3CN/H2O)) as eluents, and 
then lyophilized. "ffae purified peptides were lyophilized and tlieff 
purity and identity were confirmed by analytical Cjg reversed- 
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Peptide Sequence* 



^^^m p-PheKiys-Phe^Trpf Lys-Thr-Cys-Thr^ol) 
ll^/^octraotide: PTPAI-(D-F^^<)vM'h&^TroU.vs.TTir.^Th,(ni) 

'■fyS^- Cys unclerline indteates cyclic disullfcle; <q«ito and underfine 
•;''iriscatescydioj3^ti(fe. 

,? ; :Aia = L-alartne, Asn = L-asparagmB, Cys = L-cysteine, ^Dap = 
%.:^.-i;i-<Sem\nopmi^an\o add). DTPA = diettiylenetriamlnepentaaoetic 
^ Si. " S'y^*^ ^ L-honraq^steftie, Lys = L-^rsna; (N4/ie)Phe = 
■ i^^^rnettryl-L-phanylalanines, Phe = L-phavialaniffe; D-Rw = D-phehy!al- 
? antrte, Ser = L-serine, Thr = L-ttowrane, Thr(<^ = L-flireoniiiol. Trp = 
; : fain ^phan, l>Trp = D-tryptophan; Tyr = L-lyroslne, Val = L-vaTme. 

jjhise HPLC, Ci8, 5 pan, 300 A, 3;9 X l^O-mmcolunm and binary 
iJi^ifient elation with 0.1% TFA/fi^O as Solvent A and 0.1?^ 
UlyFM^OVo CH3CN/S2O) as Solyait: B) and ftst-atom bombM- 

Ikient.inass spectrometry. 

^ Ft^de Metal Complexes 

|j.v^ .iiic. oxoiieniiim comploces of P587 (IReO]P587) and P829 
[v;:{^6jP829) were . iir^iaied • by ligand exchange iisaog 
g^-Bii^eOBr4 (2/) in DW^, fbllowed.by purifioation by prepaia- 
V tiVe HPLC and confinnation of composition by eiectrospray mass 
l^j^'jpeclrometry (ESMS) ■ Lidhim-njiPAIoctreotide was oreDarad 



. ' (ESMS). Lidhin^-jT3TPA]oc^ was prepared 

a fii-chloride dwsolved- in Oi l m citrate buffer .at pIJ 5 and 
i » -|Cj:EPA]octreotide followed by purikcaidon by preparaeve HPLC 

v.l?lrBparafionofTe<^etium-99m-li^^ . 

V:;p587 and P829 vyere Jabeled with ''"tc by ligand exchai^e 
;-lrom '^c-glucoheptonate. P587 was dissolved to 1 mgi'ml.in 
r' 55% aqueous ethanol and P829 was dissolved to img/iiil in noimai 
J ii^*-. One quarter of a Glucoscan™ Kit (EhiPont Phanni, N, 
;;;,Bailenoa, MA) diat had been 'recSonstitated with 1 ml '^Tc 
'.J. Iterator eluate (200-300 mCi; 7.4-11.1 GBq), WdS added' to 
:.t-]^de solution. In the case of P587 the soliatioii waS heated at 
';. l^O'C for 15 min. For P829i Hie reaetioh inixture was allowed to 

inciiate at room temperature for 20 tnin The radiochemical purity 
ydffhs ^Tc-peptide coniplexes was determined by.ilLC iQTLC- 
•f SG," pelman Sciences, Ann Arbor, MTj developed in satuiated 
i^- salin? {*'"Tc-peptide immobile, '^TcO^ aiid '^Tc-^^lncbhepto- " 
i mp inobile), ITLC-SG developed in 5:3:1.5 pyridine: acetic aeadf 
;;. water (^"^Tcrpeptide, '*"Tc04 and ^c-glucohqptonate flibbile) 

and analytical reversed-phase HPLC, performed using an KiPLC 
iy^pped with an dn-lme gamma detector linked to aii integratihg 
? K^tder, a Delta-Pak Cig, 5 /m, 300 A, 3.9 X 150-imn colunm 
f. <!!oted at li miAnin wift a gradient of 0.1% TFA/Ife6 modified 
•. with 0.1% TfA/(90% CHsOWIaO). 



ifion of indium-111-|pTPA]Ocfreo&de 

: ^ Indium.lll-pTPA]octreotide was prepaid by reacting "'in- 
V"|Cl3 (1-2 mCi, 37-74 MBq) in 02 m HGl (1 ml) containing 25 mg 
; *iso<Mum citrate with- 10 jxg [DTPAJoctreotide for 30 am at rooin 
^• temperature. The radiochemical purity pf the "*&i.[DTPA]oct- 
X jeotide was determined by ITLC^G developed in 0.1 m citrate 
;;.,"«»% at pH 5;0. 



::,.;.;l'eptides P587, P829 and [DTPA]octiBotide and their metal 

^«)^)Iexes [ReO]P587, {lteO]P829aiidIn-[iy^^ 

!:^yed in vitro for SSTR binding afSnity by jJE. Taylor of 



Biomeasure, fete, using AR42J rat pancreatic carcinoma cell* 
membranes (expressing ■ ^jminantly SSTR2 (70)) and 
[Tyr"3SR][Frl4 as the piobo. iJriefly, AR42J cells were cultured in 
Dulbeoco's IVBnimum Essential Medium supplemented with 10% 
fetal bovine serum and 8 mm L-gJutamine maintained in a 
hitnpidified 5% CO2 atmosphere at 37X in T-flasks. Harvested 
cdls were fiomogenized in cold f ris biiHer and the homogenate 
was centrifugBd at 39,000 X g for 10 min at 4''C. The pellet was 
washed once nshig tiie same buffer then suspended in ice-cold 10 
mm Tris HCI. Equal aliquots of cell membrane were incubated 
with. "*I-rryr-n]SRIF-14 (0.05 nm; 750,000 cpm/ml; 2000 Ci/ 
mmole) and peptide at a final concentration of 10"" to 10~^ m in 
50 mm Hm>ES, pH .7.4 containing 1% bovine serum albumin, 
fi:aotion V. 5 mm MgQa, Trasylol (200 KlU/ml), bacitracin (0.02 
mg/ml) andphenyhnethylsuifonyl fluoride (0.02 mg/ml) for 25 min 
at 30"C. Using a filtration manifold, the mixture was then filtered 
through a pqlyethylenimine-washed GF/C filter, and die residue 
was washed three times with 5 tnl ice-cold buffer. The. pellet/filter 
and filtrate/washings were counted in a well- counter to give the 
fiactions of radioactivity bound and fee. To assess nonspecific 
binding, die assay was run in the presence of 200 nm SRIF-14. 
Analysis of iJie data gave inhibition constonls (Ki) via Hill plots 
(22). ' • • ' 

Ai^mal Model 

The animid tumor model was essentially that described by 
Lamberts and Kremiiigetal'. (i3)andwas prq)aredby A-Bogden, 
BiomeaOTre, hut. CA20948 rat pancreatic .tumor, brei (0.05 to 0.1 
mi) was .inoculated inio flie subcutaneous space of the lateral aspect 
of die right du^ of 6-wk-old,' male Lewis rafs (175-22$ g). Tbe 
tumors waSB allowed t0:grow to J^iproximately 0.5 to 2 g (2-3. wk) 
before serial passaging. Tlie tumpr-bearing aninials .used fpr the in 
vivo studies , were firom the fourth to the eleventh passage and 
COTied 0.2. to 2 g (m^ .1.2 ± 0:7 g) tumors. The tumors had a 
stable SSTR. density of 80-100 finole/mg tmnor cell protein 
{assayed using .'^I-[tyr'^]SJ^F.14):thro^ 4 to 9' ' 

For studies of in vivo specificity of radiotracer localization in the 
tumors, selected animals were, ^ven a isubcutanebiis' SSTR-blook- 
ing dose of 4 mg/kg wtrebtide 30' qun' pri injection of the 
radiotracer. TliK pictocbl :has beerj. shown by Labette. and 
Krenning et ai.. to result in a lowering of ."^lQ-[DTPA]octre6tide 
tumor uptake by 40% (23). 

Jn Vhro Tunipr Uptake and Kinetics Studies 

hi all studiesi CA20948 tumor-bearing Lewis rats w^e- ic^ 
strained and. injected via the dorsal tail vein with radiolabeled 
• pqrtides in a p.2-0.4^nil. volume contaming 0^20 mCi (7.4 Woc^ of 
'*Tc-labeled P587 or P829 (2-8 ju.g) peptide and/or O; 10 mCi (3 .7 
MBq) of '"]h-p>TPA]octreotide (0.3-1 y,^. For imaging studies, 
.die animals were sedated with a mixture pf ketamiiie and xylazine 
and «iiole-body hnages' were obtained using a gamma Camera 
(Tecbnicitre, Qon^a 500) fitted with a high-resolution colliiiiator. 
Images were acquired for 5 mm and the data were stored m 128 X 
128-image matrix on a Suininit image cciriq)ufer system. 

Twenty-fdur Hour Phqrmacokineti4. Study. Fifteen timor-bear- 
ing rats were injected , wifli *^Tc-P587 and three animals each 
were sacrificed at 0.5, 1.5, 3, 6 and 24 hr. Selected tissue samples 
were excised, weighed and, along wifli an aliquot of the injected 
dose, wra:e counted in a gamma well^counter set to coiint in die 
"^c window. The results were esgwessed as percent injected dose 
per gram (% ID/g) of tissue. 

Dual-Tracer Comparison qfTechnetium-99m-P587 and Indium- 
lll-pyrPAJOcbreoOde arid /« Vivo. Receptor Spedfiaty Stwfy. 
Nme of 22 CA20948 tumor-bearing rats were ii^ected subcutane- 
ously widi an SSTR-blocking dose of 4 mg/kg octreotide 30 mm 
prior to mjection of the radiotracers. All animals weiie injected with 
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HGURE 1. Proposed axoteohnetfum/ 
oxoihenlum cortpsx^ of P587 and 




"It: 



®'"t<J-P587 followed approximately 1 min later by "'inrfDT- 
PA]octrebtide. At 30, . 60 and 90 min, three SSTR-blocked and 
three nonblocked animals were killed by cervical didocation .and 
selected necropsy was performed. At 180 min tiie remaining fpinr 
nonbliolcked animals weie also killed and neoropsied. Harvested 
tissue samples were wdgjied and, along witb aliqosits of both 
° injected doses, vkib cowited in a gamma' wellHConriter ^ to cbnnt 
in both "°Tc and "*ia windows. Teolmetiraii-99in coimfe" were 
conwrted for *"ln spillover and 3 days later flie saippfes were 
recounted' 'for= "^Ia ofdy. At 30, 60, 90 and 180 min selected 
animus also, were imaged; ; ' 

' J>i4al*Tracer, Compwison ofTechnetitim-99m-P829dndIndium- 
111-iplTAjdctrfotide. The tumor uptake of *'°T&-P829 was 
compared with- "%-DtjPA-octreotide in a dual-tracer study using 
an additional five tumor-bearing fats; All animals were injected 
with '*T'c-P829 followed approximately 1 min.latar by "'In- 
|I)TPA]octreotide. The. animals were killed at ?0 m& postihjection 
and % ID/g of tumor, blood, muscle, pancreas and -^trointeStihal 
tract weaie determined as b^oie for' ?*°Tc and ^^'in'traceES. 

SaturabUity Studyi To assess 'Ae eEfect of specific actiyi^ on 
iumor uptake; ?^c-P587 was studied ivi, six groups of three 
tumor-b^aiing rats each. The ammals were co-injeded with either 
0; 25, 100, 300, fiOOji. 1000 or 4000 <itg/l^ of P587 peptide added to 
die standard dote of 'f7c-P587 (0.2 mQ; lA MBq; f/xg peptide). 
The ammals were sawificed at 90 mm postinjection and % ID/g of 
tumor,, blopd,- nniscle,. pancreas and gastrointesftnal. tract were 
determined as before. A similar study .was praformed wifli *^c- 



Biodisbibufapn of Techrietium-95^ Peptides 

The biodisiiibutions of ^**^o-P587"aiJd "'°Tc-P829 were stud- 
ied noninvasively in ntniual rabbits by garmna-camera ima^ng 
over a period of4.hr. For flje fttst 1 hi, serial static hnages (5 miii 
per iiam6) were acgiiued and subsequrat im^ wrae oIitaiDed at 
2,3and4hr. 

RESULTS 

• ^5!S1 peptide, P829 peptide, [DT?A]pctreotide, [ReO]P587, 
.[R.e6]P829 and In-pTPAJoctreolide were all preparai aad 
piaified to >90% purity by EEPLC analysis. The amino acid 
sequences of all of the peptides are shown .jn Table 1. The 
stinctoies for P587 and P829 aire shown in Figure 1. The 
proposed structures of the oxotechnetium and oxorhenimn 
complexes of P587 tod P829 are shown in. Figures lA arid B, 
respectively: Selected analytical dat^ are shown in Table 2. 



nie *''°Tc-labelmg of P587 andP829 were, routinely ol>f- 
tained in >90%.iadiochemicjsl yield and of >90% radiochenil- 
ical purity by ITLC and HPLC analysis. No BDPLC purification 
was required. ■ Residual pertechnetate was <1% and ''"To 
species immobile on ITLC analysis' (^"Tc-microcolloid . or 
reduced, hy^Iysed ^^c) was <:3%. HPLC analysis of . 
.*'">Tc-P587 showed two, closely eliiting radioactive conqjb- 
neiits as esqjected for syn- and ^ti-oxotB(^etium complexes of. 
ffie -Gly-Gly<ys-chelating sequence. flPLC analysis of '^"Toi 
P829 showed a sm;gle species. The '^c-labeled peptides were 
routiiaely preparei! of higji s^jedfifc activity (SO.mCi (2 GBq)/mg • 
peptide; '60 Ci (22 TBg)/tamoIe; peptide) but even highw. 
speciiBc activity (1000 'Ci <37 ■TBq)/mmoIe P587) was readify 
achievable without sigiiificant loss of ladiochendcal yield. As . 
discussed below, the effective' specific activity was likbly even 
higher. 

IRe03P587;,was isolated as a mbcture of two closely eluting 
cpmponehts by HPLC .analysis, presumed to be the expected 
two isomeric complexes. FABMS. analysis showed only MH* 
peaks atm/z = 1458 conespondmgto the expected mass (P58.7 
r- 4H + .ReO .•+.H"^) and 1258 corresponding to P587 itself. 
[ReO]P829 was isolated as a smgle peak by HPLC analysis. 
The HPLC analysis , of Gxoiiienium. complexes and ^'"Tc- 
iabeled peptides showed that the cofteisponding rhenium and 
technetium cpaq>le3ces had vt^tualty . identical retention times 
(see . Table 2). Thesp data siqiport the use of the oxorhemum 
c(»nple:^es) as a namadioactive surrogate for ^'°*rc-peptides, 

TABLE 2 

Peptide and PeptWe-Metal Complex Data 



Peptide 


.CalcMW 


MH+fABMS) 


HPLC R, (min) 


PSST 


1257.7 


■ 1258 


7.21 


JReOP587 


1465,7 


1458 


14.6* 








14.7,145^ 


Pa29 


.1357.7 


1^ 


5.8^ 


|Re01P829 


155a9 


15S8 


12.2^ 


S9n>T0-P829 






12.3' 


IJOTR^octreoBde 


13ge6 


1394 


7.1^ 


in-piP/^odreotide 




•1507 





'Assumed foimula:' [DTP/^octreotide + In - 3H 

HPLC eluHon conditions: O to 100% Solvent B in 10 min (Delta-Pak 
ralumn); ga) 10 to«)% Solvent B in 10 min ffteita-Pak column); (c) 20-50% 
Sdhrent B in 10 nim fl>iovaPak coliinm). ■ „— - 
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liibition Constants fdr Peptides and Me' amplexes (odiner 
p;^25-lTyi'^'']SR'P-'^'4/''^2J F?at Panaeatic v^^^^i Membrane Assay 

Inhibition constant, W (nM) 
Pepfide . Metai-peptide comiifflc Ratto* 

2S 0.15" 20 

10 0.3?* 30' 

tnPA-octreotide 1.6 l^tf* 1 

. f;^;^ ^ W of pepfide to p^jiicteHTOlal comptec fto one s^nificant figure), 
tf,.- j ^lReOIpeptide compieiq b = livOfrPArOclreotida 

?',^ The in viteo inhibition constante obtained^fer P587 peptide, 
? P829 peptide and their corresponding oxorhenium complexes 
J .and pTPAJoctreoiide, and .In-iDTPA]octreotide are shown in 
I?. Table 3. It is noted that [ReO]P587 has a Ki ^roidiriately 20 
T times lower than that of P587 peptide and [Rep]P829 has a Kj 
-iO'isinss lower than that of P829 peptide. This indicates that the 
Btnium complexes (and by inference, the .^*%c complexes) 
■ iiave a SSTR binding affinities that are an order of magnitude 
higher than those, of the parent peptides. lQ^[DTPA]octreotide 
aid pTPA]octrebtide did not share fibfe property. 
Kinetics of Tumor Uptake 

; Tumor and selected tissue uptake data of ^'"Tc-PSS? over 
[ v fiie course of the 24-hr pharmacokinetic study are presented in 
|s-." Table 4. Technetium-99m-P587 showed rapid, high tumor 
I; .uptake, maximizing to 5.0 %ID/g at 3 hr, and only slow (68.% 
ftr-etmaximum remaining at 6 hr) clearance of radioactivity from 
i {[ie.totnor over 24 hr. Tumpr-to-biood latio mcreased (hlough- 
/ jiiut the study, reflecting th^ initial tiimor FBtenticii and subse- 
r . qiieint much &ster clearance of radiotracer fiom the blood tiian 
;. . .fi!om the tumor. Tumor-to-miiscle incireased to 6 br theii ^owed 
msigiuficant change over 24"'hr. 

Tumor Uptake of Teduiefium«^in-P587 and Tedineliunv- 

99ni-P829 and Comparisdn witi> indiuin-111< 
, PTPAJOctreoBde 

Data fromihe '^c-PSS? and '^'ln.-[DTTA]octreotide dual- 
; trac^ study are preswited ift Table 5; The tumor uptake of both 
. .radiotracers \yas high' and although iiot significantly different 

.werthe course of fte 3-hr study, in general '^^Tc-PSS? and 

TTC-P829 gave higher tumor uptake than did '"la^jpT- 

PA]octreotide. Alfliough '"ih-IPTPAloctreotide had taster 
.■ Wood clearance than ^^c-P587 resulting in higher, tumor-to- 

blbod and tumor-to-muscle 'ratios for "'ln-|I>TPAloctreotide, 
: • the ratios of 6.3 ahd29, respectively, obtained with ^"'Ti-PSS'? 

•at 90 min were more than sufficient to predict good imaging. 
. Data from the ^tc-P829 and "'ln-[DTPA]octreotide dual- 
. tocer study are presented in Table 6. Technetium-99m-P829 

^so showed high tmnor intake whidii was hi^r than .fliat of 
In-[DTPA]octreotide. MoreoveE, the blood clearance of 



'*"Tc-P82? was faster- : > that of ^To-?5S7 resulting in 
tiimor-to-blopd and tun. o-muscle ratios which were essen- 
tially equivalent to those of ' ' 'hi-[DTPA]octreotide. 

The studies in SSTR-blocked animals (Table 5) showea'tiiat 
the tumor tiptake of '"^c-P587 was reduced by 86% (at 90 
mm) in SSTR-blocked versus nonblocked animals. Indium- 
lll-tDTPAJoctreotide tumor uptake was sttiiilarly reduced by 
94%. Blood levels did not change significantly and therefore 
tumor-to-blood and.tumor-rto-muscle ratios were concomitantly 
reduced m SSTR-blocked animals. Notably pancreatic uptake 
was substantialty diminished in blocked animals, indicating that 
the pana-eatic iqitake was also substantial^ receptor-mediated. 

As a negaiiye control, a nrach weaker affinity peptide P443 
([DTPA]-(D-Phe)-(4^hlorophenylalanyl)-Tyr-(D-Trp)-Lys- 
Thr-Phe-1hr-(e-Lys)-Gly-Cys-NH2) haying a Ki of 7.9 mn as 
flie oxorhenium complex, was also stadied.m CA20948 tumor- 
bearing rats. At 90 min postinjecfion, ''*^c-P443 gave only 
0.42 %ID/g m the tumor and tumor-to-blood and tumor-to- 
rnuscle ratios of 0.9 aiid 1.7, respective^. 
Tumor Uptaioe of Technemim-S 



Representative gamma camera images (anterior view) of 
CA20948 tumor-bearing rats 90 mm after injection with ''"T'c- 
P587 are presented m Figure 2. The radiotracer uptake in the 
tumor in fte right hind leg of each ammal is clearly seen. Also 
seen are Mdneys and bladder and some gastrointestinal tract 
uptake. Thp images show the obvious difference in tumor 
uptake in an SSTR-blocked animal (left image) and a noh- 
S^^-btocfeed animal (right image). Gamma camera images of 

'**r<>P829 in two animals are shown hi Figure 3. Again the 
high tumor uptake of the '^Tc-labded peptide is clearly seen, 
efecl of Speciffc Actrvfty on the Tumor Uplak0.df the 
Technet!Ujn-99m-PepfkIes 

The effertodf incteasing the ariiount of co-injected P587 
peptide oit .'*°Vro-P587 tomor irptake is showii ia Pigure 4A. 
P587 pq)tide was added to a standard preparation of '^Tc- 
P587 .(0.2 mO; 7.4 MBq; 5 >tg P587 peptide), effectively 
lowering the specific activity. Tumor tqrtake decreased substan- 
tially when >100 ptg P587 jpeptide was corinjected. Thtis 100 
fig co-injected P587 resulted m a 50% decrease , in tumor 
uptake. Pancreatic uptake was also reduced by increasing 
amounts of co-injected P587 peptide. Similarly, the effect of 
decreasing specific activity on the uptake of ?'f°Tc-P829 by 
tumor and pancreas is shown in Figure 4B. Blood, mflscle and 
gastrointestinal tract uptake did not diange significantly in 
either the ^c-P587 or '''°Tc-P829 study, 
Bfodisfrajutioii of Techn©iium-99m-P587 versus 
Technetium-99m-p829 

The gamma-cmnera in:iages showing flie relative distribution 
of ®*'™rci.P5§7 and *'°*rc-P'829 in normal rabbits aie presented 
in Figure 5. The images show fliat '*^c-P587 has Substantial 



TABLE 4 

T8ciTnetium-99m-P587 PhaimacoWnetic Siudy in CA2Q948 Tumor-Bearing Rats" 



Time 




%lD/g 




Tumor: 
Blood 


Tumon 
Muscle 


%ID 
Gl tract 




Tumor 


Bkbod 


Muscfe 


15 
'■3 
6 

. 24 


4.0 ±0.64 
5.0 ±01066 
3.4 iOJSa 
0.80 ±at3 


DJSf ±a048 
055 ±0.013 
0X>75± 0.013 
0.011*0.0011 


0.13 ±a0067 

. ao76 ioxwro 

0.029 ±0XX)45 
0X}084± 0.0023 


&0±0.80 
14 ±0.48 
46 ±8.7 
69 ±5.0 


30+ 4.5 
K± 6.7 
ia)± A£ 
97±12 


45 ± 1.9 
48± 2£ 
60±17 
31 ±11 



~JIl]!geartimals perlinie point; tr 
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Technetium-99m-P5P'^ "yi lndiurn-111-pTRAICtefreotide iXaJ-Tracer Sfc?^ 
j from SSTTVBIrckd and ^tokX5k8c! A 



"j|CA 20948 Tumor-Bearir^ Rate Data 







as' ±0.18 


1.4 


+ a45 


0.36 


±o:os5 


23 ±djD30 


11 ±1.0 


3J0 


±023 


22 




b 


0.69 + 0.050 


1-5 


+ 0.29 


. 027 


±0.070 


a48+0J)60 


2:6±0.6 


0.66 


+ 0.38 


16 


60 


n 


2.7 ±0.68 


0.93 


+.0.23 


0.19 


±0.02jB 


3.0 ±0.61 


15. +2.6 


3.2 


±050 


25 




b 


0.70 + 0.052 


1.2 


+ 0.18 


0.25 


+ 0.053 


0.61 ±0.060 


25.±0.49 


0.32 


±0.004 


27 


90 




. 4.1. +a66 


0.64 


±0.030 


0.14 


+aoio. 


R3 ±1.0 


29 ±25 


3.2 


±0.060 


. 33 




b 




0.74 


+ 0.10 


0,14 


±0025 


. 0,77 + 0.080 


4:1+0^ 


0L27 


+ao30 


35 


180 


n 


3jO +0.66 


azr 


±0j030 


adso 


±Oj008 


il +2.6 . 


61 ±14. 


3.1 


±0.49 : 


36 



n 


ai ±0.72 


a76 ±ai3 


. 029 ±022 


. 43 ±1.6 


16 ± 10 


2.1 


±D5t 


b 


0.62 ±0.17 


0L92 +038 


027 ±011 


0.71 ±0,11 


'■- is+ij) 


0S8 




n 


ai ±0-48 


027 ±0040 J 


0.071 ± O004 


12 .+013 


43 . +4.0 


2A 


toxm 


b ' 


0.33 ±0.030 


051 ±0.050 • 


0.010 ±0.015 


1.1 ±0,080 


33 + 0JS4 


0.18 


+ 0.11 




^9 ±1.8 


0.13 ±0.070 


0.045 ±0.024 


22. +3 


64 ±45 


2.1 




b 


0.18 ±6.017 


0.10 +0.064 


0.031 ±0.004 


1.8 +0.19 


55±0.ei 


0.075 


±0.02 , 




2:7 ±0.57 


0.024 ± 0.004- 


0.014 ±a006 


120 ±39 


240. +120 


Z6 


±0.12 



5.6 ±15 ... 
5.1 + 1.0 ■ ' 
5.5 + 0.23 ■ 
32 ± 0.66 ■ 
65 + 0.53 ■ 
. 2.8 ± 0.06 ■ 
7.0 + 059 



■ *n ■= 3 for eac*i spxjup ew»pt four W 1 SOHTtin grot^^ 

i r> ■= nonbiodosd; b =a SSTR-blocked with 4 wg/kg bctreoBde &a 30 nJn before dosirg. 



uptake in. the gastrointestinal tritt compared to '*^c-P829 
vMch is cleared mostly by the kidneys. A quantitative analysis 
of ima^. ^ 1 hr mdicafed diat aboiJt 40% of ^^c-PSS? 
addyify was in Ifiie jpistroiiitestmal. itract, 25% in ffie urinaiy 
\)m3sr \aai only ^ in the kidaeys. In contrast 30%, of 
"°*rc-P829 activity was in the Iddni^ 2Q% ai ihe niinafy 
bladder arid less fiian 5% |h tiie gastn^i^sstinal tract 



.The presence of the disulfide bridge of .oc^tide means that 
labeling this molecule with '*"Tc.is problonatic because Ihfi 
reducing agent (usn^y stannous ion) used in '"^c labeling 
can -leduqe . (open) tiw disulfide b(n|d with consequent cpnsid- 
eiabie'loss of recq>tffl:-^teidHig aEEboiifsr. Macke et aL (24) has 
recently reported a *^e-Iabeled JPnAO conjure of oct- 
reotide. They reported, however, .using esseotially '&e' Same 
tumor model as we have used, 6nly 038% TD/g in flie tatnoi:, a 
tumor-to-blood' ratio <1 apd only 3fi% leducdon of tamot 
iqjtake in SSTR-blocked versus unblocked aniim^ls- In contrast 
very high tumor uptake (4-5% ID/g), tumor-to-blood ^6-21) 
and tumor-tb-muscle ratios (21-68) were seen wifli .^*^c- 
labeled P587 and. PS29. In addition, 85%.rieduction in tumor 
. uptake in SSTR-blocked animals was seen with '^'^c-PSS? 
and bofli ^Tc-P587 Md. ^C:P829 tumor uptake was SO- 
9P% by co^injectipn of kffige amounts of Ae Kspecdro 
iliese dif^tnices suggest that ihe ^^c-labeled PnAO coigu- 



gate of Macke et al. did not retain iigh receptor-binding afEmity' 
md gave mainly nonspecific tumor iqjtake in vivo. 

Inspection of the liteiature reveals that in order to maintain 
high SSTR-binding affinity, the pharmacophore of an SSTR 
ligand ne^ to be fconfoimaljohally, cpnstrdned (25), Expressly 
in otd^ to avoid the inbompatibilify of having a disulfide in a 
nwleoule that is to be radiolabeled with ^Tc under reducing . 
cbnditioDs; we designed peptide P587 and F829 to hold the 
phaiiaiacophare, that is (he four SSXR-biiiding amiiio acid 
residues -^iyr*(D-Tjp>Io'^Val-^'m a , cyclic configuration 
was not sqscq>tible to rdductfve cleavage. The sequence -Gly- 
Gly-Qrs.- of P587, which constitutes a triamide-thiol chelator 
which' would be ejected to form a Mnefically stable oxotecH- 
netium (+5) complex (26), was appended to the thiol group of 
the side-chain of a the noncriticai homocysteme residue of the 
molecule; The result was tiiat P587 peptide bad an in vitro 
inhibition constant (Ki) of 2.5 mn, showing it to be a Mgh- 
afSnify ligand for jie SSTR-' Smuljarly, with P829 comprises 
the same SSTO;bindiiig cycHc peptide with the; novel mono- 
amine, bisamide,- inbholhiol cbelatihg s^uQice -(/3-bap)-Lys- 
Cys- Upended to the hotnocysteine side-chaaL The Ki for P829 
was 10 nm but the .bxorhenium complex had a Ki of 0.32 nm. 

In ord^ tt> assess 'ljie;SSlil-bin(a^ of the 

complex of P587 and ''™Tc-P829, We chose to use the 
OKoiileniinn (-^hS) compiexes of &ese two peptides as a ^^"^c 



Tedinefium-99m-P829 and IrKjium-lll-pyTP/^Oclteofide Du^TracerStudy in OA 20948 Tumor-Beaiirig Rats (90-Minute Data)* 





%ip/g 




Tjffnor: 
Oood 


Tumor. 
Musde 




TUmor. 




Muscle. 


PanqiB^' : ! s Gl Tract 


4.8 ±1.1 


029 + 6.14 


O078±O016 


«*T0-Pa29 . 
21 ±11 


68 + 26 


|. 2.4 ±054 ; 8.4 ±0.5 


25 + 0.43 


0.10 + 0024 


O048 ± 0.044 


29 ±55 


• 90 + 57 


' 15 + 0.10 . . 55 + O.SO 



*n = 3 for each gtoup. 
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RGURE 2. TechnsBiBT>-99m-P587 in a (A) SS7R^3locked (|XBtreated with 
octreotWe 4 mg/kg) and (B) a nonblocked CA20948 tumor-tjearing rat at 90 
. •min p(»tinjecaon (anterio(). 

complex surrogate so as to avoid having to use the long-lived 
isotope ''"Tc in tihe receptor-binding assay. It has been well- 
' established that technetium arid rhenium forin ct>nfigurationally 

■ eguivalent, albeit not identical, oxometal (+5) complexes' of 
t]5arnidfr-thiol and bisamide-bisfhiol iigands (27). As the results 

• 'show, [ReO]P587 and [ReO]P829 have, an even higher SSTR- 
binding affinity than the parent peptides. The higher affinity of 

■ the labeled peptides has important consequences in regard to 
specific activity. That is that co-injected" peptides (P587 or 

• P829) will compete poorly with the '^^Td-pei^de.. coppte^es 
for the somatostatin receptors. Thus a readUy akiliiev^le spe-. 
cific activity of 1000 Ci/mmole based on;tptsa^ injected J»58'? 
maybe effectively an order of magnitude higher. In contrast the 

. Kis of [DTPAjoctreotide (1.6 nM) and In-|I)TPA]octreotide 

• (1.2 nm) which were similar to the' previously reported valiies 
(25), showed titiat the unlabeled [DTPAjoctreotide will compete 

; ' equally with the ' ' 'ln-[DTPA]octreotide for the SSTRs. 

The in vivo studies in CA20948 tumor-bearing rats showed 



•t m 



■ RGURE 3. Technetium-99m-P829 in CA20948 two tumor-bearing nats (at90 
"^1 posHnjection, anterior views). 



■RGURE 5. Qamma-camera Images 
.-•■".' lowing ibe r^ative distribution of. 

^ 89nrj-jj.pg87 ard (B) «nb4^ 
■ "ii-irhi* in normal rabtite at 1 0 mm .and 1 hr 
- posbniection: ' ' - ; 

ibat the tumor uptake of ''"^Tc-PSS? and '*^o-P829 is at least! 
andpaiiaps alittle.higlierthan, fliatof "^In^lTDTPAloctreotide, 
that fbe tumor tipts^s of the labded peptides is ^dfic 
0>locked octreotide) and tha:t titb tumor iq>talsB of '*"Tc- 
P587 and '*™rc-P829 is saturable (dimmished'by large atdounts . 
of coi-injected parent peptide). 

Regarding the biodistributibn of ^^c-P587 in noniial .ani- 
mals, the biphasic nature of the blood clearance suggested 
hepatobiliary recycling which was supported by its pbserved 
progressive uptake froih 15 min to 5. hr in the. gastrointestinal 
tract. Sigmfic«B»t reabsorptipn is probable since less than 6% ID 
lemainpd in largis i^itestine .at 5 hr and les.s than 5% ID 
reniainfd in ^ enti^, gasirdintestmal tiiet. at. 24 hi. Interest- ' 
in^iy, ibe tmHor-beaip^ ariikais:{show4digr€|tef ai^d more 
isetsistait gastroint^stitial ig^tak^ 'fiian did ftilnonnal animals. It 
is noted that as rats do not hay4 gall bladders-, biliary ss!creti,bfi 
is continuous as cjpposed to beiiig controlled iii other species 
including huriians. Thus the gastrointestinal tract iq)take se^ 
maximally at from 3 to 6 hr iii the rat may occur much later in 
the human leaving an early window in which tlie abdomen 
would be relatiyely clear of nonspecific radiotracer uptake. The 
retention of a fiaction of the dose in the kidneys indicates 
proximal tubidar reabsoiptipn!as has been Observed for " V- 
[PTPAiocti^ebtide.:The priinary route of excretion was the renal 
system as expected foir 'a small peptide sad ^is .desirable for a 
iradiopharmaceutical of this type. Ifl con^^iaasbn, the biodistri- 
bution of ^°'To-P829 showedidmostnoigastroiirtestinal'^ 
with predonunantly renal excretion. ' , 

These preclinical results have now been verified in.iiiitial 
clinical studies (29) Mih both agents in which SSTR-ejipress- 
mg tumors were detected as early as 5 min postinjection. 
Because it has showed both hig^. tumor intake and low 
g&tromtestinal uptaice, '*°Tc-P829 has been selected for clin- 
ical studira. 

GONCLiJSION : 

Both ^'"Tc-PSS? and ^^Tc-i?829 have been shown to have 
high SSTR-bmding affinity and high, receptor-spedfic and 
saturable in vivo tumor uptake, and biodistribudion chaiacteris- 
tic§ fevorable to early imaging. These observations support the 
clinical iavestigation of '*°Tc-P^587 and '^c-P829 as radio- 
tracers for the detection of SSTR-expressnig tumors and other 
tissues by gamma scintigr^hy. 
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FIGURE 4. Effect of Inaeasing amounts 
of fco-injectsd cofd peptide on the tumor 
uptake of ^o-peptides in CA20948 
tumor-bearing rats. ^ ^o-P587 (top) 
and P ^c-P829. Tumor % ID/g ff), 
tumonmuscle (T/M), tumor^lood (T/B) 
and %ID in panoBas were plotted as pss?iaai 
percent of dtisejved with a stan- n^J^' 
dard (no additional odd peptide) «*»ro- ■ '"^ - 
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Characterization of the Receptor for Heat-stable Enterotoxin from 
Escherichia coli in Rat Intestine* 

(Received for publication, April 1, 1984) 
TakayoshiKuno*.YosbinoriKan.isaki, Scott A. Waldman. Jean Ganepy.G^^ 

V^^S^AZZrationMedicalCenter. PaloMto, CaUfomu,94304 

The receptor .or the hea.stajle^«^t« {j!-^:?:^^^^^^^^^ 

from Escherichia coU was solubilized with L««>roI-FX <1 "■'^ f Y^™ . ^ ST to its specific receptor leads to the 

IZ rat intestinal brush-border '^^^ranes and ch^^ 'S^Toi ^Slt guanylate cyclase that initiates a 

aeterized. The binding J^^ter^Jr^ idenSK ?f Actions culminating in changes in ion and flu.d 

'after removal of the receptor from its membrane en- 

^'rw'wtrration and sucrose density gradient sedimen- associated with rat imesunai Bpiwi^i.^* — - --7— 

taSon stu£ gave I stokes radius of 5.5 nm and a ^.embranes has been detected (12-14) and solubitod 

iSentaS Efficient of 7.0 S for the solabiUzed mh is known about the couphng mechamsm 

branes with disuccinimidyl suberate. ^^^J^^^'^-L^ this report, we describe the soiubilmtion of the ST 

befed receptor solubilized with 0.1% L^X.^r^n Jel recepto w th th nonionic detergent Lubro!-PX, I smg sev- 

at a similar position «1 f'^f/^^X Xi^^- ScLniques, solubilized ST receptor and particulate guan- 

filtratioB chromatography, /"^^^f ^„^;^J°!^^^^ vlate cyclase can be separated indicating that they are differ- 

labeled receptor by sodium ^odecyl ^tfate-poj^^^^^ S'^^SomolecuIes. The structure of the ST receptor was 

amide ^J^^^t^Pj^^ap^^^^^ P^^^ also TtudTed using an affinity 

ing that the receptor is coupled to the^^^^^ « ill?'r„ff±:. ?;1 1^^^ 



both soluble and particulate lorms « nL7.„Tate (10 
enzyme in intestinal mucosa is predominantly particulate (10. 
mST activates only the particulate form of the enzyme in 
nistinal mucosa (6-9). Recently a high^affmity r^ceP^r for 
ST associated with rat intestinal epithelial cells and bmh- 
01 d!ibu».«>«" A^art^A h9i-U> and solubiiiMd 



01 S 1 usea in uuo ^•'""j 

.. artivity of 300-700 Ci/mmol. lodinated native toxm sy"thet^ 



of the receptor. 



malytical reagent grade and 



(ST*) produced by pattiogemc purchased from Fierce t-nemicai 
re low molecular weight peptides from Sigma. All other magenta ^ 

3-((3-cholaniidopropyl)dimethylainmomo)-l-propanesuuonai:e 

1470 



Heat-Stable Enterotoxin Receptor 



1471 



wa. diluted 6-fold with ice-cold distilled water and adjusted to 10 mM 
Mr by he addition oE solid MgCl. After -cubatmn a 4^C for 15 
■m with mixing, the diluted extract was centnfuged at \'^}^ Stor 
mTB at The peUet was discarded, and the supemetai>tfracUon 
r entrffuged at 100,000 x ^ for 60 -i!\T''«4«^™tffe T^n^ 
Is discarded. The pellet was tesuspended m HI 
tashed twice with buffer A by '«P«»ti^ ^^^^^a ^t 
..titrifugation. The final suspension was used fresh or stored at 

"'prepaTatSbrosh-border membranes were hornogem«^ ^th 
Syl fluorid! id 0.1% («/v) Lubrol-PX (buffer B) at a protem 
Son contai^ng approximately 0.3-0.4 «g of protem/m. was used 

'^^:Sr6lS":S~^^^^^^ mixtures con^ned 20 .1 of 
-ample (rneinbrane or solubilized preparations), 50 mM Tris-HCl. pH 

7 6 0 mM EDTA, 150 mM NaCl, 0-67 '«M/>'«i^«'"^^^• J^W 
Witracin '^'I-ST, and the competing Ugand, when used, ma final 
v2me of 60 .1. Sodium chloride was omitted or -bst>t«t^^^^^^^^^ othe 
cations in some experiments. Cystamme was ^np'^ded m these reac 
ioTbecause samples contained dithiothreitol mhjb u h 

binding of ST to its receptor. Cystamane ^V;"^^'^^!^ 
dithiothreitol and has no effect on receptor binding of toxm (data 
not shown) '"l-ST and the competmg ligand. when used, were 
combined in the assay tube followed by addition of sarnples to initiate 

elhyleneimine-treated (22) Whatman GF/B or GJ/C 
r„r«um The reaction tube and filters were washed three times with 
'"ice-cold 20 mM phosphate-buffered saline, pH 7.0. Radioac. 



5 ml of ice-cold 20 mM phosphate-Outterea sa^me, P« 
tivTty on the filter was determined by counting in a Beckon Gamma 
4000 The recovery of the solubili7,ed receptor to the potyethylene- 
mine-T«a4d S in the binding assay was 95-105% when that of 
he gel filtration assay was assumed 100%. In some «penm«'ts » 
cell harvester (M-24, Brandel. Gaitheijurg, MD) was adapted tor 
use in binding studies, and similar results were obwmed. 

G^nylate Cyclase Assoy-Guanylate cyclase activity v,^ assayed 
as dSed previously (8, 9, 20). Reaction ""j^f^^^ f"^"^"'^ 
mM theophylline. 50 mM Tris-HCl. pH 7.6, 0-l%/.«/^>/'«^~er 
albumin and a GTP-regenerating system consisting of 15 mM crea- 
tte phosphate and 20 'g (135 units/mg) of creatine Phosphokinase. 
Assays t lOO were initiated by the addition of substrate (1 mM 

^^^M FiMn-Ge\ filtration chromatography of the f «l>i^ ST 
rec^tor was accomplished in two ways. The solubilused Pfeparatu>n 
100 ll) or standard marker proteins (ferritin, catalaae. lactate de- 
hydrogenase, and bovine serum albumin) i^ a total volun* otl(W m 
were applied to a Spherogel-TSK G3000 SW column (7.S X 300 inro 
BeckmTn) that had been P«viousiy equiM a^^^^^^ 
with buffer B. The column was eluted with buffer B at 0.2 alMm, 
Ind Q.2-ml fractions were coUected. Each fraction was f^jed to- 
^^I.ST binding and guanylate cyclase acUvity as described above 
The elution positions of marker proteins were monitored by the 

Alternatively^ the^^^^^ preparation (50 mJ) 'f*^"^^^ 

with 1 nM '^I-ST in the absence or the presence of 1 mM nonradioac- 
Uve 14 lino acid analog of ST (as described in the biding assay 
above) in a final volume of 150 After incubation at 37 C for 15 
min 100 m! of the solution containing '"l-ST-receptor complex was 
applied to the Spherogel TSK G3000 SW '^"^^^'^^fZ^^.y^'^^i 
ously equilibrated and was eluted with buffer B without dith.othre.tol 
Ta flow rate of 0.2 ml/min. Each 0.2-ml fraction was assayed for 
radioactivity to locate the '«I-ST-receptor complex. 

Sucrose Density Gradient Centrtfugotion-Linear gradients (33 ml) 
were prepared with 5^20% (w/v) sucrose in buffer B The solubiW 
preparation (1 ml) or standard marker proteins (^-galactositoe, 
catalase, lactate dehydrogenase malate dehj^togena^. and C3^_ 
chrome c) in a total volume of 1 ml were applied to the top of each 



gradient. Centrifugation was carried out a 4 X ^he B«cto^^ ^W 
27 rotor at 135,000 X g for 24 h. After centnfugation, a «P'""y 
lowered to the bottom of the centrifuge ^"fef'/^-^if^"" 
were collected. Each fraction was assayed for 1-ST bmdmg and 
^nylXcyclase activity as described above. Marker enzymes were 
oKaavftd as described by Hall et al. (24). 

(1 ml) were applied to a plate of Sephadex lEF (10 cm X 23 cm x 2 
mm Pharmacia) swollen with 8.3% (w/v) Pharmalyte (pH 5-8, 
mrmacia) and 0.1% (w/v) Lubrol-PX and sul^ected ^ e'^c «pho- 
resis (30 watts for 2 h) at 4 -C. using a cathode solution of 0.5 M 
NaOH and an anode solution of "'POv/f^^^/^^^Hwe 
Seohadex gels were cot into sections 7.5 mm wide, and each sample 
wJ^ exulctd with 2 ml of buffer B containing 20% (v/v glycerol 
S^ples were assayed for '^1-ST binding and guanylate cyclase 
Sy as describJ above. A part of each gel sample was extracted 
with distilled water for measuring pH. 

Cross-linking Procedure and Analysis of A ffimty labeled 
Purified rat intestinal brush-border membranes prepared as described 
aW were washed three times with ice-cold 20 mM phosphate- 
buffered saline, pH 7.0, by repeating the dilution and centrifugation. 
The washed membranes (1-2 mg of protem/ml) in 20 mM phosphate- 
buffered saline. pH 7.0, containing 01% (w/v) bacitracin were mcu. 
bated for 15 min at 37 °C with 4 nM '''I-ST in the presence or absence 
^Sm nonradioactive 14.amino acid analog of ST. Aft^^ 
disuccinimidyl suberate (in dimethyl sulfoxide) was added to a final 
concentration of 1 mM. and the cross-lmking taction was allowed to 
occur for 15 min at 25 'C. Reactions were terminated by the addition 
of 0.05 volume of 1 M Tris-HCl buffer, pH 7 6. Lubrol-PX and 
phenylmethanesultonyl fluoride were added to aUquots of quenched 
cross-linking reaction mixtures to final concentrations of OA * (w/v) 
and 0.1 mM, respectively. The samples were centnfuged at 200 OOO x 
8 for 60 min at 4 -C. Supernatant fractions (100 were applied to 
the Spherogel TSK G3000 SW column, and each 0.2-ml fraction was 
collected and assayed for radioactivity to locate the l-ST-crosa- 
United protein. Furthermore, affinity-labeled membrane and Lubro!- 
PX-solubilized preparations were analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis of 0.76-mm slab pis contammg 
5-15% or 7.5% aerylamide by the method of Uemmii (25). Sampler 
were boiled for 3 min in the buffer containing 1.2% sodium dodecyl 
sulfate and 350 mM 2-mercaptoethanol prior to application to the ^l. 
After electrophoresis, the gels were stained, destained, and dried for 
autoradiography. Molecular weight standards were phosphorylase 6, 
bovine serum albumin, ovalbumin, carbonic anhydrase, soybean tryp- 
sin inhibitor, and a-lactalbumin. 

Proteins were determined by a modification (26) of the procedure 
described by Lowry "-'( a'- (27). 



RESULTS 

Conditions for Solubilization— b evaluated a wide range 
of detergents for use in solubilizing the ST receptor and 
particulate guanylate cyclase. LubroI-PX was superior in ex- 
tracting ST receptor and guanylate cyclase from rat intestinal 
brush-border membranes when compared with sodium deox- 
ycholate, soditim chelate, CHA.PS, Triton X-100. or digitomn. 
When intestinal brush-border membranes were solubilized at 
a protein concentration of 1 mg/ml, sodium deoxychoiate (5 
mM) and sodium chelate (25 mM) solubilized 75 and 38% of 
the ST receptor, respectively. However, both of them inhibited 
the particulate guanylate cyclase activity to less than 10% of 
the Lubrol-PX-solubiUzed preparations. CHAPS (10 mM) and 
Triton X-100 (0.3%) solubilized 21 and 23% of the ST recep- 
tor, respectively. However, they solubilized less than 10% of 
the particulate guanylate cyclase from the original brush- 
border membrane. Digitonin (1%) solubilized 38% of the ST 
receptor and 22% of the particulate guanylate cyclase. (The 
values are the means of two independent experiments that 
were done with triplicate determinations.) On the other hand, 
Lubrol-PX (0.1%) solubilized 54 ± 8% of ST receptor and 42 
± 6% of the particulate guanylate cyclase. (The values are 
mean ± S.E, of five independent experiments.) Higher deter- 
gent concentrations did not significantly increase the total 
activity solubilized; however, lower specific activities were 
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found due to an increase in total protein extracted from 
membranes (data not shown). 

Binding Characteristics of SolubUized Receptor— Specific 
binding of ''^I-ST to purified brush-border membrane prepa- 
rations was measured in the presence of increasing concen- 
trations of "n-ST. As shown in Fig. 1, Scatchard analysis 
gave a linear relationship indicating a single class of specific 
binding sites. The B„„ and Kd values obtained by computer 
fitting of data to a Scatchard plot were 5.4 ± 0.6 pmol/mg 
protein and 1.4 ± 0.2 nM, respectively. '»I-ST binding to 
solubilized preparations resembled very closely the binding to 
membranes. Scatchard analysis of binding of 1-ST to solu- 
bilized preparations also revealed a single class of binding 
sites (Fig. 1). The solubilized receptor had a B^, value of 6.2 
± 0.5 pmol/mg protein and Ko value of 1.4 ± 0.2 nM, respec- 

" To determine whether "^I-ST binding sites in ttie mem- 
brane and solubilized preparations represent biologically rel- 
evant ST receptors, we evaluated the effects of several ST 
analogs to compete for '^I-ST binding. As shown m Fig. 2A, 
the 19-amino acid synthetic analog and 14-amino acid syn- 
thetic analog of ST, which retain eiiterotoxic activity (9, 19), 
inhibited '"I-ST binding to brush-border membrane prepa- 
rations at concentrations of 1-100 nM. Conotoxin GI shares 
a partial sequence homology with ST, representing a common 
antigenic determinant, but has no enterotoxic activity (19). 
Conotoxin GI did not inhibit '"I-ST binding. Similarly, a 6- 
residue synthetic peptide encompassing the region common 
to ST and conotoxin GI, which also has no enterotoxic actav- 
ity, did not inhibit ^^1-ST binding. Inhibition curves of I- 
ST binding to solubilized preparations by these four synthetic 
peptides were identical to those obtained with membrane 
preparations (Fig. 2B). 

Specific '"I-ST binding to membrane and solubilized prep- 
arations from rat intestinal brush border was altered by the 





og[Ligand] (M) 



Fig 2 Inhibition of '»1-ST binding to membrane {A) and 
solubilized (B) preparations from rat intestinal brush border. 
Varying concentrations of peptides were incubated with 1 nM !-b i 
and membrane (open symbols) or solubilized (closed symbols) prepa- 
rations as described under "Experimental Procedures.' Percentage 
values (Percent Specific Bound) were calculated by dividing the spe- 
cific '='1-ST binding at each point by maximum specific bmdmg. 
Nonspecific binding was determined with I /.M 14-an>ino acid analog 
of ST The data presented are representative of three expenrnents 
with similar results. 19AA (O, •), 19-amino acid analog of ST; UAA 
(A, A), 14-amino acid analog of ST: 6AA P, ■), 6-amino acid residue 
of ST; CT (V, ▼), conotoxin GI. 



125|.ST Bound Cpmol/mg pr 
F,G I »n-ST binding to membrane and solubilized prep- 
ara ions from rat intestinal brush border. Scatchard p ots and 
saturation curves (inset) for -^^^bjane «r de.) am^^ 
solubilized (closed circle) preparations ^^Z.^'^^",^'"^""^ 
membrane or solubilized preparations ^^^^'Tm^ at 

m<-iih»f«l with increasing concentrations ot l-oi lor 
37 "c NinrpeciSding was determined by parallelincubations m 
he presence of 1 .M U-a'mino acid r'.°?^^'^«^'"td? vISS 
olotted after correction for nonspecific binding. B^. and Ka values 
1° e 5 4 - 0,6 pmoi/mg protein and 1.4 ± 0.2 nM. respectively or 
membrane preparations and 6.2 ± 0.5 pmol/mg protem and 1.4 
I 0.rnM respectively, for the solubUi^ed preparations. The values 
are mean ± S.E. of three experiments. 




200 

Monovalent Calions (mM) 
Fig 3 Effect of monovalent cations on '**I-ST binding to 
membrane (A) and solubilized (B) preparations from rat in- 
testinal brush border. The figure displays total bmdmg (closed 
symbols) and nonspecific binding (open syrMs) « ^ 
measured in the absence and in the presence of 1 14-am.no acid 
analog of ST. The results are the average of two separate expenrnents. 
•, O. Na; A, A, K: ■. O, Li; V, NH*. 
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addition of various cations. Fig. 3 shows that mclxisionofhigh 
oTltrationsofmorovalentcationsimproved^ec^^^^ 
ing of '"I-ST predominantly by increasing total b mding with- 

affecting nonspecific binding. All four ^ Na^ 
NW) monoalent cations when tested mM ateioe 

equally increased specific binding by about 80% m the mem- 
brane and by 60% in the solubilized preparations. As shown 
in Fig 4 low concentration of divalent cations smilarly 
enhanced specific binding of "n-ST. ^^^aUon f 8^M^^^^^ 
Ue, and Ca- increased specific binding by 81. 6^ . 37% 
respectively, in the membrane preparations and 62. 29, and 
17%, respectively, in the solubiUzed preparations. In control 
to monovalent cations, divalent cations increased nonspecrfic 
binding both in the membrane and solubilized Preparations^ 
fl the absence of cation. B™„ and K„ values obtamed by 
fitting data toaScatchardplotwere5.6±0^5pmol/mgprotem 
and 2.9 ± 0.3 nM, respectively, for the membrane preparations 
and 6.4 ± 0.6 pmol/mg protein and 2.2 ± 0.2 nM, r^^^:'f' 
for the solubilized preparations (mean i S.B. of three inde- 
pendent experiments). These results in the absence and pres- 

ence of 150 mu NaCl (Fig. 1) -'^^^<^f''^V^^'^SZ 
increased the affinity of the ST receptor for "^I-ST without 
altering the receptor number. The divalent cations also af- 
fected only the Kn values, and the effects of d^vf nt «id 
monovalent cations on the specific binding -'-rer.oM^2 
(data not shown). In subsequent experiments binding was 
conducted in the presence of 150 mM NaCl, a concentration 
that was maximally effective. Divalent cations were not in- 
cluded because this increased nonspecific binding. 

Charactermuion of the SolubUized ST R^^^P^r-S^^ 
properties of the solubilized ST receptor and particulate guan- 



ylate cyclase were compared to determine if these activities 
reside on the same or different proteins. 

To determine the Stokes radius of the ST receptor on gel 
filtration, the solubilized receptor was treated in two ways^ In 
some experiments, the aolubilized preparation was appUeO to 
a Snherogel-TSK G3000SW column, followed by elution m 
?he presence of 0.1% Lubrol-PX. The collected Y'i''"!^ 
assayed for ^^I-ST binding and guanylate cyclase act^vrty 
(Fig 5A). In otheT«tpeiiments.>»I-ST was bound first to the 
solubUized receptor followed by appUcation of the receptor- 
complex to the column (Fig. 56). The time required 
for completion of chromatography was less than 1 h during 
which there was minimal dissociation of/'J-ST/rom the 
receptor. The peak of receptor-bindmg activity eluted at the 
same position relative to standard proteins m both types of 
experiments (Fig. 5). The Stokes radius was estimated at 5 5 
± 01 nm (mean ± S.E. of three experiments). In contrast, as 
shown in Fig. 5A, solubilized particulate guanylate cyclase 
activity eluted earlier than the ST receptorpeak and migrated 
as a protein with a Stokes radius of 5,8 ± 0.1 nm (mean ± 
S.E. of three experiments). 

Sedimentation coefficients of the ST receptor and particu- 
late guanylate cyclase were estimated using a- gradient of 6- 
" — sucrose (Fig- 6). Solubilized fractions were layered onto 





Fig. 4. Effect of divalent catioTis on '»n-STbi*a«g tome^ 
brane (A) and solubilized (B) preparations from rat int^»»^ 
brush border. The figure display, total ^^^f^^^Z^^i^ 
nonspecific binding (open symboM of 1 nM '«I-ST measured in the 
absent and in the presence of 1 mM U-ammo ac.d anatog of ST/The 
results are the average of two separate expermients P«*"^«d '^^^ 
absence of added monovalent cations. O. Mn: A, A. Ca. ■, Q Mg. 



Elution volume (ml) 
FIG 5 Gel nitration of solubilized ST receptor and partic- 
ulate guanylate cyclase. A, gel filUation of a s^ubihzed prepara- 
tion from rat intestinal Wh border wi^ followed by assay of frac- 
tions for specific '«I-ST binding ri-ST Spect/ic Boumi, •) and 
guanylate cyclase (A) activities as described under Experimental 
Procedures." The Stokes radii of ST receptor and guanylate cyclase 
were estimated at 5.5 ± 0.1 and 5.8 ± 0.1 nm respectively. B, a 
solubilijed fraction was incubated with 1 nM ^»1-ST m the presence 
(O. nonspecific} or absence (•, total) of 1 14-amino acid analog 
of ST and then subjected to gel filtration. The Stokes radius of 
specifically labeled protein was estimated at 5 5 ± O-^ '^^'"''"f 
bovine serum albumin (B8A, 3.6 nm), lamte dehy^ogenase 
<LDH, 4.5 nm), catalase (5.2 nm), and ferritin (6.1 run). The values 
are mean ± S E- of three experiments. The inset shows a standard 
curve of the distribution coefficient, K., versm Stokes radius of the 
calibrating proteins- 
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Fraction Number 
Fig 6 Sucrose density gradient centrifugation of solubi- 
U7.cd ST receptor and patticniatc gaanylate cyclase. Sucrose 
density gradient centrifugation was carried out as described under 
-Experimental Procedures," Each fraction was assayed for specific 
•■•"■'1-ST binding {^'H-ST Specific Bound, •) and guanylate cyclase (A) 
activities. The sedimentation coefficients of ST receptor and guaiiy- 
late cyclase were calculated as 7,0 ± 0.4 and 10.0 ± 0^ S, fe^P^ctivfy. 
The markers were cytochrome c (1.9 S) , malate dehydrogenase (MM, 
,1.6 S), lactate dehydrpgenase {LUH. 7.3 S), catala.se (11.4 S), and 5- 
galactosidase (1 6 S). The value.s are. mean ± S.E. of three experimeute. 
The »!,«•£ shows a calibrating curve of distances (r (cm)) traveled by 
proteins 



'«*I-ST-receptor complex behaved similarly to its noncross- 
linked counterpart (see Fig. 5) and had a stokes radius of 5.0 
± 0 1 run (mean ± S.E. of three experiments) (Fig. 8A). 
Furthermore, when cross-linked receptor was mixed with the 
noncross-linfced control, a single peak was observed at the 
same elution position (data not shown). 

With the receptor covaiently Unked to the labeled toKtn, 
samples were also analyzed by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis in the presence of reducing 
agent and by autoradiography as described above. As shown 
in Fig. SB, the pattern of labeled polypeptides obtained with 
either cross-linked membranes or cross-linked Lubrol-PX- 
solubilized preparations were identical. Three specifically la- 
beled protein bands with apparent molecular weights of 
80 000, 68.000, and 60,000 were observed (Fig. SB). Incubation 
of sainples with an increasing amount of unlabeled kgand 




Fraction N 

Pio. 7. Isoelectric focusing of solnbilized ST receptor and 
particulate gaanylate cyclase, Igoelecttic focusing was oajried out 
as descrtlicd under "Experimental Procedures. Each fraction was 
assayed for '»1-ST binding {•) and guanylate cyclase <A) activittes. 
The ST receptor and guanylate (G) cyclase had isoetectnc pomte of 
5.5 ± 0,2 and 5.9 ± O.l, respectively. The values are mean ± S.E. of 
three experiments. 

the gradients, and after centrifugation each fraction was as- 
sayed for '*^I-ST binding and guanylate cyclase activity. The 
peak of '-'i-ST binding with a sedimentation coefficient of 
7 0 ± 0 4 S was clearly separated from the peak of guanylate 
cyclase' with a coefficient of 10.0 ± 0.3 S (mean ± S.E. of 
three experiments) (Fig. 6), , . w 

The isoelectric points of the ST receptor and particulate 
guanylate cyclase were determined by isoelectric focusing of 
the Lubrol-PX-soluhiUzed rat intestinal brush-border prepa- 
rations as described alwve. The mobilities of the ST receptor 
and particulate guanylate cyclase are summarized m Fig. 7. 
The peak of ST receptor had an isoelectric point of 5.5 ± 0.2 
and was separated from that of guanylate cyclase which had 
an i.soelectric point of 5.9 ± 0.1 (mean ± S.E. of three 
experiments). . , , . 

Affinity Cross-Unking of ST fieceptor- Analysis of affinity- 
labeled receptor was performed in two ways. MembianeB 
containing cross-linked "^I-ST were solubilized with 0.1% 
LubroI-PX, and solubilized "n-8T-receptor complexes were 
applied to gel filtration as described above. The cross-linked 
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Pio. 8. Gel filtration (A) and sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (B) of afHnity-iabeled bT re- 
ceptor. A. membraties were cross-linked with 4 nM f-ST m the 
presence (O nonspecific) or in the absence (•, total) ot 1 nM 14- 
amino acid analog of ST. Samples solubilized with 0.1% Lubrol-PX 
were subjected to gel filtration as described under "Experimental 
Procedures," The Stokes radius of cross-linked protein was estimated 
at 5 5 ± 0 1 nm (mean ± S.E. of three experiments). B, autoradiog- 
raphy of affinity-labeled ST receptor on .sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis. Cross-lmking and solubilization 
oCthe membrane were performed as described above. The membrane 
suspension (a, 6) and the Lubrol-PX solubilized fraction (c, d) were 
subjected to electrophoresis using 5-15% gradient gels and to auto- 
radiography as described under "Experimental Procedures. Unes b 
and d show the nonspecific labeling that was observed. in the presence 
of I m 14-amino acid analog of ST. Molecular weight markers were 
pbosphorylase b (94,000), bovine serum albumin (67,000) and oval- 
bumin (43,000). This experiment was repeated three times with 
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during cross-linking could not demonstrate an apparent dif- 
ference in the relative affinities of the three protein bands 
(Fig. 9). The adcUtion of various protease inhibitors to the 
buffers used for homogenization and other procedures also 
did not affect these labeling patterns (data not shown). 

DISCUSSION 

Dreyfus and Robertson (15) reported the use of CHAPS, a 
dipolar ionic detergent, for the solubilization of the ST recep- 
tor. We found that the yields of solubiUzed ST receptor and 
particulate guanylate cyclase with Lubroi-PX was higher than 
that obtained with CHAPS. Furthermore, sharper separations 
in various chromatographic procedures were achieved with 
Lubrol-PX (data not shown). Therefore, in the present study, 
with an ain» being the chromatographic separation of the ST 
rece^Jtor and particulate guanylate cyclase, we used Lubrol- 
PX as a solubilizing agent. Saturation isotherms of ' *I-ST 
binding to membrane and solufaiiized preparations were iden- 
tical (Fig. 1), and displacement patterns of '*»I-ST binding to 
membrane and aolubilized preparations by synthetic analogs 
of ST were also identical (Fig. 2). These results indicate that 
the toxin-binding site retains its original binding character- 
istics after its extraction from a iipid-rich membrane environ- 

"*As summarized in Figs. 3 and 4, binding of '^^I-ST to 
membrane and solubilized preparations of receptor was en- 
hanced by various cations. It is noteworthy that similar effects 
on ligand binding by cations were also observed with specific 
receptor for atriopeptins (28). To date, ST (7-9) and atrio- 
peptins (29, 30) are the only peptides that specifically activate 
particulate guanylate cyclase in cell-free systems. The effects 
of cations on the binding of these heat-stable peptides to their 
receptors may suggest that the coupling mechanisniB of these 
receptors and particulate guanylate cyclase share some com- 
mon features. However, this remains to be determined. 




° 2 4 6 8 

Migration, cm 
Fig. 9. Densitometric analysis of the inhibition of the la- 
beling with increasing amount of unlabeled ST. Membranes 
were incubated with 4 nM '^I-ST in the absence (A) and the presence 
of 10 nM (B) or 100 nM (O W-amino acid analog of ST. Sodium 
dodecy! sutfatfl-polyacrylamide gel electrophoresis and autoradiogra- 
phv of the labeled membranes were performed as described in the 
legend of Fig. 8. Two bands (80,000 and 68,000 daltons) were not 
resolved well by the densitometer and appeared as a single broad 
peak. The labeling of the three bands with '»1-ST was inhibited to a 
similar extent by unlabeled ST. 



With all of the techniques employed the solubilized ST 
receptor and particulate guanylate cyclase were readily sepa- 
rable (Figs. 5, 6, and 7). Furthermore, the ST receptor mi- 
grated as a single peak with all the methods used. These 
results and the linear Scatchard plots in Fig. 1 indicate that 
there is a single class of ST receptors and that this macro- 
molecule is separate from particulate guanylate cyclase. We 
have evidence from studies with adsorption to Con A-agarose 
and elution with a-methyl mannoside that the solubilized ST 
receptor is a glycoprotein (data not shown). As reported 
previously, particulate guanylate cyclase from mammalian 
tissue (20) and sea urchin sperm (31) is also a glycoprotein. 
This suggests that both the guanylate cyclase receptor and 
particulate guanylate cyclase are separate transmembrane 
glycoproteins that are closely coupled. Although the coupling 
mechanism between the ST receptor and particulate guany- 
late cyclase is not presently known, cytoskeletal elements 
appear to play an important role in this interaction. The 
evidence in support of this hypothesis is that solubilized 
preparations fail to increase cyclic GMP synthesis with the 
addition of ST. However, residual membranes after detergent 
extraction contains some functionally coupled ST receptor 
and guanylate cyclase {i.e. increased cyclic GMP synthesis 
with the addition of ST) (15),' 

When '^"I-ST was cross- linked to intestinal brush-border 
membranes followed by solubilization and analysis on gel 
filtration chromatography (Fig. 8A), the '^*I-ST-receptor com- 
plex migrated as a sharp single peak similar to the experi- 
ments without cross-linking. Mixing experiment with cross- 
linked and non-cross-linked receptor also exhibited a single 
peak at the same position (data not shown). These results 
indicated that the cross-linking procedure did not produce 
gross alterations in the molecular size of the receptor and that 
^l-ST was covalently attached to its receptor and not to 
some other membrane protein in close proximity. From the 
gel filtration and sedimentation data the size of the ST 
receptor is estimated to be about 200,000 daltons. Three 
peptides (about 80,000, 68,000, and 60,000 daltons) were la- 
beled when cross-linked membrane preparations were sub- 
jected to sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (Fig. 8B). Similar results were obtained when Lubrol- 
PX-solubilized preparations were used. Incubation of samples 
with increasing amounts of cold ligand during the cross- 
linking procedure indicated that these three bands have sim- 
ilar affinities for ST (Pig. 9). These experiments suggest that 
the ST receptor contains three peptides with binding domains 
for the toxin. The possibility of receptor heterogeneity with 
similar affinities cannot be excluded. While similar results 
were obtained when various protease inhibitors were included 
in the buffers, we cannot exclude the possibility that these 
peptides are derived proteolytically from a larger peptide. 
Previous reports suKesting that bin<Ung of ST to its receptor 
is irreversible presented autoradiographic patterns of '"^l-ST- 
labeled ST receptor usmg sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis in the absence of cross-linking (13, 
15). In contrast, we observed that the binding of ST to its 
receptor is reversible and the dissociation of bound "'^I-ST 
can be increased by addition of a large excess of unlabeled 
ST, as reported by Giannella et d. (12). Furthermore, covalent 
cross-linking of ST to its receptor was required to prevent 
dissociation of '''l-ST during electrophoresis (data not 
shown). Although the reasons for these discrepancies are 
unclear, it is apparent from the present studies that covalent 
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affinity labeling of the ST receptor is necessary to study the 
binding subunit structure of the toxin receptor. 
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[57] ABSTRACT 

Conjugated compounds which comprises an ST receptor 
binding moiety and a radiostable active moiety are dis- 
closed. Pharmaceutical compositions comprising a pharma- 
ceutically acceptable carrier or diluent, and a conjugated 
compound which comprises an ST receptor binding moiety 
and a radiostable active moiety or an ST receptor binding 
moiety and a radioactive active moiety are disclosed. Meth- 
ods of treating an individual suspected of suffering from 
metastasized colorectal cancer comprising the steps of 
administering to said individual a pharmaceutical composi- 
tion comprising a pharmaceutically acceptable carrier or 
diluent, and a therapeutically effective amount of a conju- 
gated compound which comprises an ST receptor binding 
moiety and a radiostable active moiety or an ST receptor 
binding moiety and a radiostable active moiety are dis- 
closed. Methods of radioimaging metastasized colorectal 
cancer cells comprising the steps of first administering to an 
individual suspected of having metastasized colorectal can- 
cer cells, a pharmaceutical composition that comprises a 
pharmaceutically acceptable carrier or diluent, and conju- 
gated compound that comprises an ST receptor binding 
moiety and a radioactive active moiety wherein the conju- 
gated compound is present in an amount effective for 
diagnostic use in humans suffering from colorectal cancer 
and then detecting the localization and accumulation of 
radioactivity in the individual's body are disclosed. 

22 Claims, No Drawings 
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ST RECEPTOR BINDING COMPOUNDS AND 
METHODS OF USING THE SAME 



ACKNOWLEDGEMENT OF GOVERNMENT 5 
RIGHTS 
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Institutes of Health. The Government has certain rights in lo 
this invention. 

FIELD OF THE INVENTION 

The present invention relates to compounds which com- ;5 
prise a receptor ligand moiety conjugated to an active agent. 
More particularly, the present invention relates to com- 
pounds which condprise a moiety that binds to the ST 
receptor conjugated to a therapeutic or imaging moiety. 

20 

BACKGROUND OF THE INVENTION 

Colorectal cancer is the third most common neoplasm 
worldwide and the second most common in the United 
States, representing about 15% of the newly diagnosed cases ^5 
of cancer in the United States. The large intestine or large 
bowel is the third leading site for the development of new 
cancer and is diagnosed in about 150,000 patients each year. 
Colorectal cancer is the second leading cause of cancer- 
related deaths and is responsible for about 12% of cancer 
deaths in the United States. The mortality rate of newly 
diagnosed large bowel cancer approaches 50% and there has 
been little improvement over the past 40 years. Most of this 
mortality reflects local, regional and distant metastases. 
About thirty percent of patients with colorectal cancer have 
unresectable disease at presentation and about 40% develop 
metastases during the course of their disease. Distant meta- 
static disease is seen in liver (about 12%), lung (about 3%), 
bone (about 0.9%), brain (about 0.7%), nodes (about 4%), 
and peritoneum (about 2%) at the dme of initial diagnosis. 
In 1987, the large bowel cancers found regionally or at 
distant sites at the time of diagnosis were about 26% and 
about 18%, respectively. 

Surgery is the mainstay of treatment for colorectal cancer 
but recurrence is frequent. Colorectal cancer has proven 45 
resistant to chemotherapy, although limited success has been 
achieved using a combination of 5-fluorouracil and levami- 
sole. Surgery has had the largest impact on survival and, in 
some patients with limited disease, achieves a cure. How- 
ever, surgery removes bulk tumor, leaving behind micro- 50 
scopic residual disease which ultimately results in recrudes- 
cence. Overall recurrence rates for colonic tumors are about 
33% and for rectal cancer about 42%. Of these recurrences, 
about 9% are local, about 13% are systemic metastatic 
disease, and the remaining 88% are a combination of local 55 
and systemic disease. Fifty percent of patients with recurrent 
colorectal cancer have hepatic metastases. 

Early detection of primary, metastatic, and recurrent dis- 
ease can significantly impact the prognosis of individuals 
suffering from colorectal cancer Large bowel cancer diag- 60 
nosed at an early stage has a significantly better outcome 
than that diagnosed at more advanced stages. The 5 year 
relative survival rates for patients with regional or distant 
metastases are 48% and 5%, compared with 90% and 77% 
for disease which is in sim or local, respectively, at the time 65 
of diagnosis. Similarly, diagnosis of metastatic or recurrent 
disease earlier potentially carries with it a better prognosis. 
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Although current radiotherapeutic agents, chemothera- 
peutic agents and biological toxins are potent cytotoxins, 
they do not discriminate between normal and malignant 
cells, producing adverse effects and dose-limiting toxicities. 
Over the past decade, a novel approach has been employed 
to more specifically target agents to tumor cells, involving 
the conjugation of an active agent to molecules which binds 
preferentially to antigens that exist predominantly on tumor 
cells. These conjugates can be administered systemically 
and specifically bind to the targeted tumor cells. Theoreti- 
cally, targeting permits uptake by cells of cytotoxic agents at 
concentrations which do not produce serious toxicities in 
normal tissues. Also, selective binding to targeted tumor 
cells facilitates detection of occult ttimor and is therefore 
useful in designing imaging agents. Molecular targeting 
predominantly has employed monoclonal antibodies gener- 
ated to antigens selectively expressed on tumor cells. 

Immunoscintigraphy using monoclonal antibodies 
directed at tumor-spedfic markers has been employed to 
diagnose colorectal cancer. Monoclonal antibodies against 
carcinoembryonic antigen (CEA) labeled with ''Technedum 
identified 94% of patients with recurrent mmors. Similarly, 
'"Indium-labeled anti-CEA monoclonal antibodies success- 
fully diagnosed 85% of patients with recurrent colorectal 
carcinoma who were not diagnosed by conventional tech- 
niques. *^%dme-labeled antibodies have been effective in 
localizing more than 80% of the pathologically-confirmed 
recurrences by intraoperative gamma probe scarming. 

Monoclonal antibodies have also been employed to target 
specific therapeutic agents in colorectal cancer. Preclinical 
studies demonstrated that anti-CEA antibodies labeled with 
'Yttrium inhibited human colon carcinoma xenografts in 
nude mice. Antibodies generated to colorectal cancer cells 
and coupled to mitomycin C or neocarzinostatin demon- 
strated an anti-mmor effect on human colon cancer 
xenografts in nude mice and 3 patients with colon cancer. 
Similar results in animals were obtained with monoclonal 
antibodies conjugated to ricin toxin A chain. 

Due to the sensitivity, specificity, and adverse-effect pro- 
file of monoclonal antibodies, the results obtained using 
monoclonal antibody-based tiierapeutics have shown them 
to be less than ideal targeting tools. Although monoclonal 
antibodies have been generated to antigens selectively 
expressed on tumors, no truly cancer-specific antibody has 
been identified. Most antigens expressed on neoplastic cells 
appear to be quantitatively increased in these compared to 
normal cells but the antigens are nonetheless often present in 
normal cells. Thus, antibodies to such determinants can react 
with non-neoplastic tissues, resulting in significant toxici- 
ties. Also, antibodies are relatively large molecules and 
consequently, often evoke an immune response in patients. 
These immune responses can result in significant toxicities 
in patients upon re-exposure to the targeting agents and can 
prevent targeting by tiie monoclonal due to immune com- 
plex formation with degradation and excretion. Finally, 
binding of antibodies to tumor cells may be low and targeted 
agents may be delivered to cells in quantities insuflScient to 
achieve detection or cytotoxicity. 

There remains a need for compositions which can spe- 
cifically target metastasized colorectal cancer cells. There is 
a need for imaging agents which can specifically bind to 
metastasized colorectal cancer cells. There is a need for 
improved methods of imaging metastasized colorectal can- 
cer cells. There is a need for therapeutic agents which can 
specifically bind to metastasized colorectal cancer cells. 
There is a need for improved methods of treating individuals 
who are suspected of suffering from colorectal cancer cells. 
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especially individuals who are suspected of suffering from 
metastasis of colorectal cancer cells. 

SUMMARY OF THE INVENTION 5 

The present invention relates to conjugated compounds 
which comprises an ST receptor binding moiety and a 
radiostable active moiety. 

The present invention relates to a pharmaceutical com- 
position comprising a pharmaceutically acceptable carrier or 
diluent, and a conjugated compound which comprises an ST 
receptor binding moiety and a radiostable active moiety. 

The present invention relates to a method of treating an 
individual suspected of suffering from metastasized colorec- 15 
tal cancer comprising the steps of administering to said 
individual a pharmaceutical composition comprising a phar- 
maceutically acceptable carrier or diluent, and a therapeu- 
tically effective amount of a conjugated compound which 
comprises an ST receptor binding moiety and a radiostable 20 
active moiety. 

The present invention relates to a pharmaceutical com- 
position comprising a pharmaceutically acceptable carrier or 
diluent, and conjugated compound that comprises an ST 
receptor binding moiety and a radioactive active moiety 25 
wherein the conjugated compound is present in an amount 
effective for therapeutic or diagnostic use in humans suffer- 
ing from colorectal cancer. 

The present invention relates to a method of radioimaging 
metastasized colorectal cancer cells comprising the steps of 30 
first administering to an individual suspected of having 
metastasized colorectal cancer cells, a pharmaceutical com- 
position that comprises a pharmaceutically acceptable car- 
rier or diluent, and conjugated compound that comprises an 
ST receptor binding moiety and a radioactive active moiety 35 
wherein the conjugated compound is present in an amount 
effective for diagnostic use in humans suffering from col- 
orectal cancer and then detecting the localization and accu- 
mulation of radioactivity in the individual's body. 

The present invention relates to a method of treating an 
individual suspected of suffering from metastasized colorec- 
tal cancer comprising the steps of administering to said 
individual a pharmaceutical composition comprising a phar- 
maceutically acceptable carrier or diluent, and a therapeu- 
tically effective amount of a conjugated compound which 
comprises an ST receptor binding moiety and a radioactive 
active moiety. 

DESCRIPTION OF PREFERRED 50 
EMBODIMENTS OF THE INVENTION 

As used herein, the terms "ST' and "native ST" are used 
interchangeably and are meant to refer to heat-stable toxin 
(ST) which is a peptide produced by E. coli, as well as other 55 
organisms. STs are naturally occurring peptides which 1) are 
naturally produced by organisms, 2) which bind to the ST 
receptor and 3) which activate the signal cascade that 
mediates ST-induced diarrhea. 

As used herein, the term "ST receptor" is meant to refer 60 
to the receptors found on colorectal cells, including local and 
metastasized colorectal cancer cells, which bind to ST. In 
normal individuals, ST receptors are found exclusively in 
cells of intestine, in particular in cells in the duodenum, 
small intestine (jejunum and ileum), the large intestine, 65 
colon (cecum, ascending colon, transverse colon, descend- 
ing colon and sigmoid colon) and rectum. 
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As used herein, the term "ST receptor ligand" is meant to 
refer to compounds which specifically bind to the ST recep- 
tor. ST is an ST receptor ligand. An ST receptor ligand may 
be a peptide or a non-peptide. 

As used herein, the term "ST receptor binding peptide" is 
meant to refer to ST receptor ligands that are peptides. 

As used herein, the term "ST peptides" is meant to refer 
to ST receptor binding peptides selected from the group 
consisting of SEQ ID N0:2, SEQ ID NO:3, SEQ ID 
NOS:5-54 and fragments and derivatives thereof. 

As used herein, the term "fragment" is meant to refer to 
peptide a) which has an amino acid sequence identical to a 
portion of an ST receptor binding peptide and b) which is 
capable of binding to the ST. receptor. 

As used herein, the term "derivative" is meant to refer to 
a peptide a) which has an amino add sequence substantially 
identical to at least a portion of an ST receptor binding 
peptide and b) which is capable of binding to the ST 
receptor. 

As used herein, the term "substantially identical" is meant 
to refer to an amino acid sequence that is the same as the 
amino acid sequence of an ST peptide except some of the 
residues are deleted or substituted with conservative amino 
acids or additional amino acids are inserted. 

As used herein, the term "active agent" is meant to refer 
to compounds that are therapeutic agents or imaging agents. 

As used herein, the term "radiostable" is meant to refer to , 
compounds which do not undergo radioactive decay; i.e. 
compounds which are not radioactive. 

As used herein, the term "therapeutic agent" is meant to 
refer to chemotherapeutics, toxins, radiotherapeutics, target- 
ing agents or radiosensitizing agents. 

As used herein, the term "chemotherapeutic" is meant to 
refer to compounds that, when contacted with and/or incor- 
porated into a cell, produce an effect on the cell including 
causing the death of the cell, inhibiting cell division or 
inducing differentiation. 

As used herein, the term "toxin" is meant to refer to 
compounds that, when contacted with and/or incorporated 
into a cell, produce the death of the cell. 

As used herein, the term "radiotherapeutic" is meant to 
refer to radionuclides which when contacted with and/or 
incorporated into a cell, produce the death of the cell. 

As used herein, the term "targeting agent" is meant to 
refer compounds which can be bound by and or react with 
other compoimds. Ikrgeting agents may be used to deliver 
chemotherapeutics, toxins, enzymes, radiotherapeutics, anti- 
bodies or imaging agents to cells that have targeting agents 
associated with them and/or to convert or otherwise trans- 
form or enhance coadministered active agents. A targeting 
agent may include a moiety that constitutes a first agent that 
is localized to the cell which when contacted with a second 
agent either is converted to a third agent which has a desired 
activity or causes the conversion of the second agent into an 
agent with a desired activity. The result is the localized agent 
facilitates exposure of an agent with a desired activity to the 
metastasized cell. 

As used herein, the term "radiosensitizing agent" is meant 
to refer to agents which increase the susceptibility of cells to 
the damaging effects of ionizing radiation. A radiosensitiz- 
ing agent permits lower doses of radiation to be adminis- 
tered and still provide a therapeutically effective dose. 

As used herein, the term "imaging agent" is meant to refer 
to compounds which can be detected. 

As used herein, the term "ST receptor binding moiety" is 
meant to refer to the portion of a conjugated compound that 
constitutes an ST receptor ligand. 
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As used herein, the tenn "active moiety" is meant to refer production of a signal which induces intestinal cells to 

to the portion of a conjugated compound that constitutes an secrete fluids and electrolytes, resulting in diarrhea, 

active agent. ST receptors are unique in that they are only localized in 

As used herein, the terms "conjugated compound" and the apical brush border membranes of the cells lining the 
"conjugated composition" are used interchangeably and 5 intestinal tract. Indeed, they are not found in any other cell 

meant to refer to a compound which comprises an ST type in placental mammals. In addition, ST receptors are 

receptor binding moiety and an active moiety and which is almost exclusively localized to the apical membranes, with 

capable of binding to the ST receptor. Conjugated com- little being found in the basolateral membranes on the sides 

pounds according to the present invention comprise a por- of intestinal cells. 

tion which constimtes an ST receptor ligand and a portion 10 Mucosal cells lining the intestine are joined together by 

which constitutes an active agent. Thus, conjugated com- tight junctions which form a barrier against the passage of 

pounds according to the present invention are capable of intestinal contents into the blood stream and components of 

specifically bindmg to the ST receptor and include a portion the blood stream into the intestinal lumen. Therefore, the 

which is a therapeutic agent or imaging agent. Conjugated apical location of ST receptors isolates these receptors from 
compositions may comprise crosslinkers and/or molecules 15 the circulatory system so that they may be considered to 

that serve as spacers between the moieties. exist separate from the rest of the body; essentially the 

As used herein, the terms "crosslinker", "crosslinking "outside" of the body. Therefore, the rest of the body is 

agent", "conjugating agent", "coupling agent", "condensa- considered "outside" the intestinal tract. Compositions 

tion reagent" and "Afunctional crosslinker" are used inter- administered "outside" the intestinal tract are maintained 
changeably and are meant to refer to molecular groups 20 apart and segregated from the only cells which normally 

which are used to attach the ST receptor ligand and the express ST receptors. 

active agent to thus form the conjugated compound. in individuals suffering from colorectal cancer, the cancer 
As used herein, the term "colorectal cancer" is meant to cells are often derived from cells that produce and display 
include the well-accepted medical definition that defines the ST receptor and these cancer cells continue to produce 
colorectal cancer as a medical condition characterized by and display the ST receptor on their cell surfaces. Indeed, 
cancer of cells of the intestinal ti-act below the small intestine T84 cells, which are human colonic adenocarcinoma cells 
(i.e. the large intestine (colon), including the cecum, ascend- isolated from lung metastases, express ST receptors on their 
ing colon, transverse colon, descending colon, and sigmoid cell surface. Similarly, HT29glu-cells, which are human 
colon, and rectum). Additionally, as used herein, the term colonic adenocarcinoma cells, express receptors for ST. 
"colorectal cancel^' is meant to further include medical Thus, in individuals suffering from colorectal cancer, some 
conditions which are characterized by cancer of cells of the metastasized intestinal cancer cells express ST receptors, 
duodenum and small intestine (jejunum and ileum). The An effort was undertaken to determine tiie proportion of 
definition of colorectal cancer used herein is more expansive colorectal tumors which have the ST receptor. Sixteen 
than the common medical definition but is provided as such colorectal cancer tumors, including ten local colorectal 
since the cells of the duodenum and small intestine also tumors and six metastasized tumors (3 liver, 1 lung, 1 
contain ST receptors and are therefore amenable to the lymphnode, 1 peritoneum), were tested and each possessed 
methods of the present invention using the compounds of the sT receptors. In each case, the affinity and density of 
present invention. receptors was amenable for targeting. That is, the cells 
As used herein, the term "metastasis" is meant to refer to possessed at least l(f-lCP receptors per cell and demon- 
the process in which cancer cells originating in one organ or strated an afBnity of 10~^ or better (Uiat is preferably 
part of the body relocate to another part of the body and between 10"^ to 10"® or less; the lower number indicating a 
continue to replicate. Metastasized cells subsequentiy form tighter bond, thus a higher afBnity). Normal liver, lymph- 
tumors which may further metastasize. Metastasis thus node, peritoneum and lung cells were found not to possess 
refers to the spread of cancer from the part ofthe body where ST receptors. 

it originally occurs to other parts of the body. The present when such cancer cells metastasize, the metastasized 

invention relates to methods of delivering active agents to cancer cells continue to produce and display the ST receptor, 

metastasized colorectal cancer cells. The expression of ST receptors on the surfaces of metastatic 

As used herein, the term "metastasized colorectal cancer tumors provides a target for selective binding of conjugated 
cells" is meant to refer to colorectal cancer cells which have 50 compositions. ST receptors permit the absolutely specific 

metastasized; colorectal cancer cells localized in a part of targeting of therapeutic and diagnostic agents that are con- 

the body other than the duodenum, small intestine (jejunum jugated to ST receptor ligands to metastatic colorectal can- 

and ileum), large intestine (colon), including the cecum, cer cells. 

ascending colon, transverse colon, descending colon, and The conjugated compositions of the present invention are 
sigmoid colon, and rectum. 55 useful for targeting cells tiiat fine the inner intestine wall 
ST, which is produced by E. coli, as well as other including those cancer cells derived from such cells, par- 
organisms, is responsible for endemic diarrhea in develop- ticularly metastasized cancer cells derived from such cells, 
ing coimtries and travelers diarrhea. ST induces intestinal The conjugated compositions of the present invention which 
secretion by binding to specific receptors, ST receptors, in are administered outside the intestinal tract such as those 
the apical brush border membranes of the mucosal cells 60 administered in the circulatory system will remain segre- 
lining the intestinal tract. Binding of ST to ST receptors is gated from the cells that line the intestinal tract and will bind 
non-covalent and occurs in a concentration-dependent and only to cells outside the intestinal tract which are derived 
saturable fashion. Once bound, ST-ST receptor complexes from the intestinal tract such as metastasized colorectal cells, 
appear to be internalized by intestinal cells, i.e. transported The conjugated compositions will not bind to noncolorectal 
from the surface into the interior of the cell. Bindmg of ST 65 derived cells. Thus, the active moieties of conjugated com- 
to ST receptors triggers a cascade of biochemical reactions positions administered outside the intestinal tract are deiiv- 
in the apical membrane of these cells resulting in the ered to cells which are derived from the mtestinal tract such 
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as metastasized colorectal cells but will not be delivered to 
any other cells. 

Therapeutic and diagnostic pharmaceutical compositions 
of the present invention include conjugated compounds 
specifically targeted to metastatic disease. These conjugated 5 
compounds include ST receptor binding moieties which do 
not bind to cells of normal tissue in the body except cells of 
the intestinal tract since the cells of other tissues do not 
possess ST receptors. Unlike normal colorectal cells and 
localized colorectal cancer cells, metastasized colorectal lo 
cancer cells are accessible to substances administered out- 
side the intestinal tract, for example administered in the 
circulatory system. The only ST receptors in normal tissue 
exist in the apical membranes of intestinal mucosa cells and 
these receptors are effectively isolated from the targeted 15 
cancer chemotberapeutics and imaging agents administered 
outside the intestinal tract by the intestinal mucosa barrier. 
ITius, metastasized colorectal cells may be targeted by 
conjugated compounds of the present invention by introduc- 
ing such compounds outside flie intestinal tract such as for 20 
example by administeiing pharmaceutical compositions that 
comprise conjugated compounds into the circulatory system. 

One having ordinary skill in the art can readily identify 
individuals suspected of suffering from colorectal cancer 
and metastasized colorectal cells. In those individuals diag- 
nosed with colorectal cancer, it is standard therapy to suspect 
metastasis and aggressively attempt to eradicate metasta- 
sized cells. The present invention provides pharmaceutical 
compositions and methods for imaging and thereby will 
more definitively diagnose metastasis. Further, the present 2" 
invention provides pharmaceutical compositions comprising 
therapeutic agents and methods for specifically targeting and 
eliminating metastasized colorectal cancer cells. Further, the 
present invention provides pharmaceutical compositions 
that comprise therapeutics and methods for specifically 3^ 
eliminating colorectal cancer cells. 

The pharmaceutical compositions which comprise conju- 
gated compositions of the present invention may be used to 
diagnose or treat individuals suffering from localized col- 
orectal mmors, that is primary or non-metastatic colorectal 
tumors if these have penetrated the basement membrane 
underlying the mucosa into the submucosa where there is 
abundant blood supply to which they have access. Penetra- 
tion into the submucosa circumvents the mucosal barrier 
resulting in the ability of conjugated compositions intro- ''^ 
duced into the circulatory system to interact with these 
tumors. 

The present invention relies upon the use of an ST 
receptor binding moiety in a conjugated composition. The 
ST receptor binding moiety is essentially a portion of the 
conjugated composition which acts as a ligand to the ST 
receptor and thus specifically binds to these receptors. The 
conjugated composition also includes an active moiety 
which is associated with the ST receptor binding moiety; the 
active moiety being an active agent which is either useful to 
image, target, neutralize or kill the cell. 

According to the present invention, the ST receptor bind- 
ing moiety is the ST receptor ligand portion of a conjugated 
composition. In some embodiments, the ST receptor ligand go 
may be native ST. 

Native ST has been isolated from a variety of organisms 
including E. coU, Yersinia, Enterobacter, and others. In 
nature, the toxins are generally encoded on a plasraid which 
can "jump" between different species. Several different 65 
toxins have been reported to occur in different species. 
These toxins all possess significant sequence homology. 
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they all bind to ST receptors and they all activate guanylate 
cyclase, producing diarrhea. 

ST has been both cloned and synthesized by chemical 
techniques. The cloned or synthetic molecules exhibit bind- 
ing characteristics which are similar to native ST. Native ST 
isolated from E. coli is 18 or 19 amino acids in length. The 
smallest "fragment" of ST which retains activity is the 13 
amino acid core peptide extending toward the carboxy 
terminal from cysteine 6 to cysteine 18 (of the 19 amino acid 
form). Analogues of ST have been generated by cloning and 
by chemical techniques. Small peptide fragments of the 
native ST structure which include the structural determinant 
that confers binding activity may be constructed. Once a 
structure is identified which binds to ST receptors, non- 
peptide analogues mimicking that structure in space are 
designed. 

SEQ ID N0:1 discloses a nucleotide sequence which 
encodes 19 amino acid ST, designated ST la, reported by So 
and McCarthy (1980) Proc. Natl. Acad. Sci. USA 77:4011, 
which is incorporated hrarein by reference. 

The amino acid sequence of ST la is disclosed in SEQ ID 
N0:2. 

SEQ ID N0:3 discloses the amino acid sequence of an 18 
amino acid peptide which exhibits ST activity, designated 
ST I*, reported by Chan and Giannella (1981) J. Biol. Chem. 
256:7744, which is incorporated herein by reference. 

SEQ ID N0:4 discloses a nucleotide sequence which 
encodes 19 amino acid ST, designated ST lb, reported by 
Mosely et al. (1983) Infect. Immun. 39:1167, which is 
incorporated herein by reference. 

The amino acid sequence of ST lb is disclosed in SEQ ID 
N0:5. 

A 15 amino acid peptide called guanylin which has about 
50% sequence homology to ST has been identified in 
mammalian intestine (Currie, M. G. et al. (1992) Proc. Natl. 
Acad Sci. USA 89:947-951, which is incorporated herein by 
reference). Guanylin binds to ST receptors and activates 
guanylate cyclase at alevel of about 10- to 100-fold less than 
native ST. Guanylin may not exist as a 1 5 amino acid peptide 
in the intestine but rather as part of a larger protein in that 
organ. The amino acid sequence of guanylin from rodent is 
disclosed as SEQ ID N0:6. 

SEQ ID N0:7 is an 18 amino acid fragment of SEQ ID 
N0:2. SEQ ID N0:8 is a 17 amino add fragment of SEQ ID 
NO:2. SEQ ID N0:9 is a 16 amino acid fragment of SEQ ID 
NO:2. SEQ ID NO: 10 is a 15 amino acid fragment of SEQ 
ID NO:2. SEQ ID NO:ll is a 14 amino acid fragment of 
SEQ ID NO:2. SEQ ID NO: 12 is a 13 amino acid fragment 
of SEQ ID N0:2. SEQ ID NO: 13 is an 18 amino acid 
fragment of SEQ ID NO:2. SEQ ID NO: 14 is a 17 amino 
acid fragment of SEQ ID N0:2. SEQ ID N0:15 is a 16 
amino acid fragment of SEQ ID N0:2. SEQ ID NO: 16 is a 
15 amino acid fragment of SEQ ID N0:2. SEQ ID N0:17 
is a 14 amino acid fragment of SEQ ID NO:2. 

SEQ ID NO: 18 is a 17 amino acid fragment of SEQ ID 
NO:3. SEQ ID NO:19 is a 16 amino acid fragment of SEQ 
ID NO:3. SEQ ID NO:20 is a 15 amino acid fragment of 
SEQ ID NO:3. SEQ ID NO:21 is a 14 amino acid fragment 
of SEQ ID N0:3. SEQ ID NO:22 is a 13 amino acid 
fragment of SEQ ID NO:3. SEQ ID NO:23 is a 17 amino 
acid fragment of SEQ ID NO:3. SEQ ID NO:24 is a 16 
amino acid fragment of SEQ ID N0:3. SEQ ID NO:25 is a 
15 amino acid fragment of SEQ ID N0:3. SEQ ID NO:26 
is a 14 amino add fragment of SEQ ID NO:3. 

SEQ ID NO:27 is an 18 amino add fragment of SEQ ID 
N0:5. SEQ ID NO:28 is a 17 amino acid fragment of SEQ 
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ID NO:5. SEQ ID NO:29 is a 16 amino acid fragment of 
SEQ ID NO:5. SEQ ID NO:30 is a 15 amino add fragment 
of SEQ ID N0:5. SEQ ID N0:31 is a 14 amino acid 
fragment of SEQ ID N0:5. SEQ ID NO:32 is a 13 amino 
acid fragment of SEQ ID NO: 5. SEQ ID NO: 33 is an 18 3 
amino acid fragment of SEQ ID N0:5. SEQ ID NO:34 is a 
17 amino acid fragment of SEQ ID NO:5. SEQ ID N0:35 
is a 16 amino acid fragment of SEQ ID NO:5. SEQ ID 
N0:36 is a 15 amino acid fragment of SEQ ID N0:5. SEQ 
ID N0:37 is a 14 amino acid fragment of SEQ ID N0:5. jq 

SEQ ID N0:27, SEQ ID NO:31, SEQ ID N0:36 AND 
SEQ ID N0:37 are disclosed in Yoshimura, S., et al. (1985) 
FEES Lett. 181:138, which is incorporated herein by refer- 
ence. 

SEQ ID NO:38, SEQ ID N0:39 and SEQ ID NO:40, 15 
which are derivatives of SEQ ID N0:3, are disclosed in 
Waldman, S. A. and O'Hanley, P. (1989) Infect. Immun. 
57:2420, which is incorporated herein by reference. 

SEQ ID N0:41, SEQ ID NO:42, SEQ ID NO:43, SEQ ID 
NO:44 and SEQ ID NO:45, which are a derivatives of SEQ 20 
ED NO:3, are disclosed in Yoshimura, S., et al. (1985) FEBS 
Lett. 181:138, which is incorporated herein by reference. 

SEQ ID NO:46 is a 25 amino acid peptide derived from 
Y. enteracolitica which binds to the ST receptor. 

SEQ ID NO:47 is a 16 amino acid peptide derived from 
V. cholerae which binds to the ST receptor. SEQ ID NO:47 
is reported in Shimonishi, Y., et al. FEBS Lett. 215:165, 
which is incorporated herein by reference. 

SEQ ID NO:48 is an 18 amino acid peptide derived from 30 
Y. enteracolitica which binds to the ST receptor. SEQ ID 
NO:48 is reported in Okamoto, K., et al. Infec. Immun. 
55:2121, which is incorporated herein by reference. 

SEQ ID NO;49, is a derivative of SEQ ID N0:5. 

SEQ ID NO:50, SEQ ID N0:51 , SEQ ID NO:52 and SEQ 35 
ID NO:53 are derivatives. 

SEQ ID NO:54 is the amino acid sequence of guanylin 
from human. 

In some preferred embodiments, conjugated compounds 
comprise ST receptor binding moieties tiiat comprise amino 
acid sequences selected from the group consisting of SEQ 
ID N0:2, SEQ ID N0:3, SEQ ID NOS:5-54 and fragments 
and derivatives thereof. 

Those having ordinary skill in the art can readily design 45 
and produce derivatives having substantially identical amino 
acid sequences of ST peptides with deletions and/or inser- 
tions and/or conservative substitutions of amino acids. For 
example, following what are referred to as Dayhof s rules 
for amino acid substitution (Dayhof, M. D. (1978) Nat. 50 
Biomed. Res. Found., Washington, D.C. Vol. 5, supp. 3), 
amino acid residues in a peptide sequence may be substi- 
tuted with comparable amino acid residues. Such substim- 
tions are well-known and are based the upon charge and 
structural characteristics of each amino acid. Derivatives 55 
include fragments of ST receptor binding peptides with 
deletions and/or insertions and/or conservative substitutions. 

In some embodiments, ST receptor binding peptides com- 
prise D amino acids. As used herein, the term "D amino acid 
peptides" is meant to refer to ST receptor binding peptides, 60 
fragments or derivatives which comprise at least one and 
preferably a plurality of D amino acids which are capable of 
binding to the ST receptor. The use of D amino acid peptides 
is desirable as they are less vulnerable to degradation and 
therefore have a longer half-life. D amino acid peptides 65 
comprising mostly aU or consisting of D amino acids may 
comprise amino acid sequences in the reverse order of ST 
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receptor binding peptides which are made up of L amino 

In some embodiments, ST receptor binding peptides, 
including D amino acid peptides, are conformationally 
restricted to present and maintain the proper structural 
conformation for binding to the ST receptor. The composi- 
tions may comprise additional amino acid residues required 
to achieve proper three dimensional conformation including 
residues which facilitate circularization or desired folding. 

It is preferred that the ST receptor ligand used as the ST 
receptor binding moiety be as small as possible. Thus it is 
preferred that the ST receptor ligand be a non-peptide small 
molecule or small peptide, preferably less than 25 amino 
acids, more preferably less than 20 amino acids. In some 
embodiments, the ST receptor ligand which constitute the 
ST receptor binding moiety of a conjugated composition is 
less than 15 amino acids. ST receptor binding peptide 
comprising less than 1 0 amino acids and ST receptor binding 
peptide less than 5 amino acids may be used as ST binding 
moieties according to the present invention. It is within the 
scope of the present invention to include larger molecules 
which serve as ST receptor binding moieties including, but 
not limited to molecules such as antibodies, FAbs and 
F(Ab)2s which specifically bind to ST receptor. 

An assay may be used to test both peptide and nonpeptide 
compositions to determine whether or not they are ST 
receptor ligands or, to test conjugated compositions to 
determine if they possess ST receptor binding activity. Such 
compositions that specifically bind to ST receptors can be 
identified by a competitive binding assay. The competitive 
binding assay is a standard technique in pharmacology 
which can be readily performed by those having ordinary 
skill in the art using readily available starting materials. 
Competitive binding assays have been shown to be effective 
for identifying compositions that specifically bind to ST 
receptors. Briefly, the assay consists of incubating a prepa- 
ration of ST receptors (e.g. intestinal membranes from rat 
intestine, human intestine, T84 cells) with a constant con- 
centration (lxlO-*°M to 5xlO-'°M) of '^I-ST (any ST 
receptor ligand such as native STs SEQ ID N0:2, SEQ ID 
N0:3 or SEQ ID N0:5 may be used) and a known concen- 
tration of a test compound. As a control, a duplicate prepa- 
ration of ST receptors are incubated with a duplicate con- 
centration of *'*I-ST in the absence of test compound. 
Assays are incubated to equilibrium (2 hours) and the 
amount of ^^-ST bound to receptors is quantified by 
standard techniques. The ability of the test compound to 
bind to receptors is measured as its ability to prevent 
(compete with) the ^^^I-ST from binding. Thus, in assays 
containing the test compound which bind to the receptor, 
there will be less radioactivity associated with the receptors. 
This assay, which is appropriate for determining the ability 
of any molecule to bind to ST receptors, is a standard 
competitive binding assay which can be readily employed 
by those having ordinary skill in the art using readily 
available starting materials. 

ST may be isolated from natural sources using standard 
techniques. Additionally, ST receptor binding peptides and 
conjugated compositions or portions thereof which are pep- 
tides may be prepared routinely by any of the followmg 
known techniques. 

ST receptor binding peptides and conjugated composi- 
tions or portions thereof which are peptides may be prepared 
using the solid-phase synthetic technique initially described 
by Merrifield, in /. Am. Chem. Soc, 15:2149-2154 (1963). 
Other peptide synthesis techniques may be found, for 
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example, in M. Bodanszky et al., (1976) Peptide Synthesis, 
John Wiley & Sons, 2d Ed.; Kent and Clark-Lewis in 
Synthetic Peptides in Biology and Medicine, p. 295-358, 
eds. Alitalo, K., et al. Science Publishers, (Amsterdam, 
1985); as well as other reference works known to those 5 
skilled in the art. A summary of peptide synthesis techniques 
may be found in J. Stuart and J. D. Young, Solid Phase 
Peptide Synthelia, Pierce Chemical Company, Rockford, 111. 
(1984), which is incorporated herein by reference. The 
synthesis of peptides by solution methods may also be used, 
as described in The Proteins, Vol. n, 3d Ed., p. 105-237, 
Neurath, H. et al., Eds., Academic Press, New York, N.Y. 
(1976). Appropriate protective groups for use in such syn- 
theses will be found in the above texts, as well as in J. F. W. 
McOmie, Protective Groups in Organic Chemistry, Plenum 
Press, New York, N.Y. (1973), which is incorporated herein 
by reference. In general, these synthetic methods involve the 
sequential addition of one or more amino acid residues or 
suitable protected amino acid residues to a growing peptide 
chain. Normally, either the amino or carboxyl group of the 
first amino acid residue is protected by a suitable, selectively 2° 
removable protecting group. A different, selectively remov- 
able protecting group is utilized for amino acids containing 
a reactive side group, such as lysine. 

Using a solid phase synthesis as an example, the protected 
or derivatized amino acid is attached to an inert solid support '^^ 
through its unprotected carboxyl or amino group. The pro- 
tecting group of the amino or carboxyl group is then 
selectively removed and the next amino acid in the sequence 
having the complementary (amino or carboxyl) group suit- 
ably protected is admixed and reacted with the residue 
already attached to the solid support. The protecting group 
of the amino or carboxyl group is then removed from this 
newly added amino acid residue, and the next amino acid 
(suitably protected) is then added, and so forth. After all the 
desired amino acids have been linked in the proper 
sequence, any remaining terminal and side group protecting 
groups (and solid support) are removed sequentially or 
concurrently, to provide the final peptide. The peptide of the 
invention are preferably devoid of benzylated or methylben- 
zylated amino acids. Such protecting group moieties may be 
used in the course of synthesis, but they are removed before 
the peptides are used. Additional reactions may be neces- 
sary, as described elsewhere, to form intramolecular link- 
ages to restrain conformation. 

ST receptor binding peptides and conjugated composi- 
tions or portions thereof which are peptides may also be 
prepared by recombinant DNA techniques. Provision of a 
suitable DNA sequence encoding the desired peptide permits 
the production of the peptide using recombinant techniques jg 
now known in the art. The coding sequence can be obtained 
from natural sources or synthesized or otherwise constructed 
using widely avaOable starting materials by routine meth- 
ods. When die coding DNA is prepared synthetically, advan- 
tage can be taken of known codon preferences of the jj 
intended host where the DNA is to be expressed. 

To produce an ST receptor binding peptide which occurs 
in nature, one having ordinary skill in the art can, using 
well-known techniques, obtain a DNA molecule encoding 
the ST receptor binding peptides from the genome of the 60 
organism that produces the ST receptor binding peptide and 
insert that DNA molecule into a commercially available 
expression vector for use in well-known expression systems. 

Likewise, one having ordinary skill in the art can, using 
well known techniques, combine a DNA molecule that 65 
encodes an ST receptor binding peptide, such as SEQ ID 
N0:1 and SEQ ID N0:4, which can be obtained from the 
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genome of the organism that produces the ST, with DNA that 
encodes a toxin, another active agent that is a peptide or 
additionally, any other amino acid sequences desired to be 
adjacent to the ST receptor binding peptide amino add 
sequence in a single peptide and insert that DNA molecule 
into a commercially available expression vector for use in 
well-known expression systems. 

For example, the commercially available plasmid pSE420 
(Invitrogen, San Diego, Calif.) may be used for recombinant 
production in E. coli. The commercially available plasmid 
pYES2 (Invitrogen, San Diego, Calif.) may be used for 
production in S. cerevisiae strains of yeast. The commer- 
cially available MaxBac™ (Invitrogen, San Diego, Calif.) 
complete baculovirus expression system may be used for 
production in insect cells. The commercially available plas- 
mid pcDNA I (Invitrogen, San Diego, Calif.) may be used 
for production in mammalian cells such as Chinese Hamster 
Ovary cells. 

One having ordinary skill in the art may use these or other 
commercially available expression vectors and systems or 
produce vectors using well-known methods and readily 
available starting materials. Expression systems containing 
the requisite control sequences, such as promoters and 
polyadenylation signals, and preferably enhancers, are 
readily available and known in the art for a variety of hosts. 
See e.g., Sambrook et al., Molecular Cloning a Laboratory 
Manual, Second Ed, Cold Spring Harbor Press (1989), Thus, 
the desired proteins can be prepared in both prokaryotic and 
eukaryotic systems, resulting in a spectrum of processed 
forms of tiie protein. 

The most commonly used prokaryotic system remains E. 
coli, although other systems such as B. subtilis and 
Pseudomonas are also useful. Suitable control sequences for 
prokaryotic systems include both constitutive and inducible 
promoters including the lac promoter, the tip promoter, 
hybrid promoters such as tac promoter, the lambda phage PI 
promoter. In general, foreign proteins may be produced in 
these hosts either as fusion or mature proteins. When the 
desired sequences are produced as mature proteins, the 
sequence produced may be preceded by a methionine which 
is not necessarily efficiently removed. Accordingly, tiie 
peptides and proteins claimed herein may be preceded by an 
N-terminal Met when produced in bacteria. Moreover, con- 
structs may be made wherein the coding sequence for the 
peptide is preceded by an operable signal peptide which 
results in the secretion of flie protein. When produced in 
prokaryotic hosts in tiiis matter, the signal sequence is 
removed upon secretion. 

A wide variety of eukaryotic hosts are also now available 
for production of recombinant foreign proteins. As in bac- 
teria, eukaryotic hosts may be transformed with expression 
systems wMch produce the desired protein directiy, but more 
commonly signal sequences are provided to effect the secre- 
tion of the protein. Eukaryotic systems have the additional 
advantage fliat they are able to process introns which may 
occur in the genomic sequences encoding proteins of higher 
organisms. Eukaryotic systems also provide a variety of 
processing mechanisms which result in, for example, gly- 
cosylation, carboxy-terminal amidation, oxidation or deriva- 
tization of certain amino acid residues, conformational con- 
trol, and so forth. 

Commonly used eukaryotic systems include, but are not 
limited to, yeast, fungal cells, insect cells, mammalian cells, 
avian cells, and cells of higher plants. Suitable promoters are 
available which are compatible and operable for use in each 
of these host types as well as are termination sequences and 



5,518,i 

13 

enhancers, as e.g. the baculovirus polyhedron promoter. As 
above, promoters can be either constitutive or inducible. For 
example, in mammalian systems, the mouse metallothion- 
ene promoter can be induced by the addition of heavy metal 
ions. 5 

The particulars for the construction of expression systems 
suitable for desired hosts are known to those in the art. For 
recombinant production of the protein, the DNA encoding it 
is suitably ligated into the expression vector of choice and 
then used to transform the compatible host which is then 10 
cultured and maintained under conditions wherein expres- 
sion of the foreign gene takes place. The protein of the 
present invention thus produced is recovered from the 
culture, either by lysing the cells or from the culture medium 
as appropriate and known to those in the art. 15 

One having ordinary skill in the art can, using well-known 
techniques, isolate the protein that is produced. 

According to the present invention, the active moiety may 
be a therapeutic agent or an imaging agent. One having 
ordinary skill in the art can readily recognize the advantages 
of being able to specifically target metastasized colorectal 
cells with an ST receptor ligand and conjugate such a ligand 
with many different active agents. 

Chemotherapeutics useful as active moieties which when 
conjugated to an ST receptor binding moiety are specifically 
delivered to metastasized colorectal cells are typically, small 
chemical entities produced by chemical synthesis. Chemo- 
therapeutics include cytotoxic and cytostatic drugs. Chemo- 
therapeutics may include those which have other effects on 
cells such as reversal of the transformed state to a differen- 
tiated state or those which inhibit cell replication. Examples 
of chemotherapeutics include conunon cytotoxic or cyto- 
static drugs such as for example: methotrexate(amethop- 
terin), doxorubicin(adiimycin), daunorabicin, cytosinarabi- 
noside, etoposide, 5-4 fluorouracil, melphalan, 
chlorambucil, and other nitrogen mustards (e.g. cyclophos- 
phamide), cis-platinum, vindesine (and other vinca alka- 
loids), mitomycin and bleomycin. Other chemotherapeutics 
include: purothionin (barley flour oligopeptide), macromo- ^ 
mycin. 1,4-benzoquinone derivatives and trenimon. 

"Ibxins are usefiil as active moieties. When a toxin is 
conjugated to an ST receptor binding moiety, the conjugated 
composition is specifically delivered to a metastasized col- 
orectal cell by way of the ST receptor binding moiety and the 45 
toxin moiety kills the cell. Toxins are generally complex 
toxic products of various organisms including bacteria, 
plants, etc. Examples of toxins include but are not limited to: 
ricin, ricin A chain (ricin toxin), Pseudomonas exotoxin 
(PE), diphtheria toxin (DT), Clostridium perfringens phos- 50 
pholipase C (PLC), bovine pancreatic ribonuclease (BPR), 
pokeweed antiviral protein (PAP), abrin, abrin A chain (abrin 
toxin), cobra venom factor (CVF), gelonin (GEL), saporin 
(SAP), modeccin, viscumin and voUcensin. As discussed 
above, when protein toxins are employed with ST receptor 55 
binding peptides, conjugated compositions may be produced 
using recombinant DNA techniques. Briefly, a recombinant 
DNA molecule can be constracted which encodes both the 
ST receptor ligand and the toxin on a chimeric gene. When 
the chimeric gene is expressed, a fusion protein is produced 50 
which includes an ST receptor binding moiety and an active 
moiety. Protein toxins are also useful to form conjugated 
compounds with ST receptor binding peptides through non- 
peptidyl bonds. 

In addition, there are other approaches for utilizing active 65 
agents for the treatment of cancCT. For example, conjugated 
compositions may be produced which include an ST binding 
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moiety and an active moiety which is an active enzyme. The 
ST binding moiety specifically localizes the conjugated 
composition to the tumor cells. An inactive prodrug which 
can be converted by the enzyme into an active drug is 
administered to the patient. The prodrug is only converted to 
an active drug by the enzyme which is localized to the tumor. 
An example of an enzyme/prodrug pair includes alkaline 
phosphatase/etoposidephosphate. In such a case, the alkaline 
phosphatase is conjugated to an ST receptor binding ligand. 
The conjugated compound is administered and localizes at 
the metastasized cell. Upon contact with etoposidephosphate 
(the prodrug), the etoposidephosphate is converted to eto- 
poside, a chemotherapeutic drug which is taken up by the 
cancer cell. 

Radiosensitizing agents are substances that increase the 
sensitivity of cells to radiation. Examples of radiosensitizing 
agents include nitroimidazoles, metronidazole and mis- 
onidazole (see: DeVita, V. T. Jr. in Harrison's Principles of 
Internal Medicine, p.68, McGraw-Hill Book Co., New York 
1983, which is incorporated herein by reference). The con- 
jugated compound that comprises a radiosensitizing agent as 
the active moiety is administered and localizes at the metas- 
tasized cell. Upon exposure of the individual to radiation, 
the radiosensitizing agent is "excited" and causes the death 
of the cell. 

Radionuclides may be used in pharmaceutical composi- 
tions that are useful for radiotherapy or imaging procedures. 

Examples of radionuclides uscfiil as toxins in radiation 
therapy include: "''Sc, *'Cu, '^Y, "»Pd, '^'l, '"I, '^'I, 
'**Re, '**Re, '^'Au, ^"At, ^'^Pb and ^'^B. Other radionu- 
clides which have been used by those having ordinary skill 
in the art include: ^^P and ^^P, ^'Ge, "As, '°^Pb, "°^Rh, 
"'Ag, "'Sb, '^'Sn, '^'Cs, '«Pr, **'Tb, "'Lu, ^''Os, 
i93Afpj^ i97j^g^ gjj ijgjj negative and/or auger emitters. Some 
preferred radionuclides include: "'I ^"At and ^'^Pb/ 

According to the present invention, the active moieties 
may be an imaging agent. Imaging agents are useful diag- 
nostic procedures as well as the procedures used to identify 
the location of metastasized cells. Imaging can be performed 
by many procedures well-known to those having ordinary 
skill in the art and the appropriate imaging agent useful in 
such procedures may be conjugated to an ST receptor ligand 
by well-known means. Imaging can be performed, for 
example, by radioscintigraphy, nuclear magnetic resonance 
imaging (MRI) or computed tomography (CT scan). The 
most commonly employed radionuclide imaging agents 
include radioactive iodine and indium. Imaging by CT scan 
may employ a heavy metal such as iron chelates. MRI 
scanning may employ chelates of gadolinium or manganese. 
Additionally, positron emission tomography (PET) may be 
possible using positron emitters of oxygen, nitrogen, iron, 
carbon, or gallium. Example of radionuclides useful in 
imaging procedures include: "^K, ^^Fe, ^''Co, *''Cu, *''Ga, 
««Ga, "Br, ^'Rh/^"^Ki, ^''"Sr, ^*^Tc, "'In, "^'^In, '^I, 
»^1, '"Cs, '^'Cs, '"'I, '"I, ''■'Hg, ^°'Pb and ^°«Bi. 

It is preferred that the conjugated compositions be non- 
immunogenic or immunogenic at a very low level. Accord- 
ingly, it is preferred that the ST receptor binding moiety be 
a small, poorly immunogenic or non-immunogenic peptide 
or a non-peptide. Likewise, it is preferred tiiat the active 
moiety be a small, pooriy-inmiunogenic or non-immuno- 
genic peptide or a non-peptide. Native ST, being a small 
peptide, has been shown to poorly immunogenic. (See: 
Klipstein, R A. et al. (1982) Infect. Immun. 37:550-557; 
Giannella, R. A. et al. (1981) Infect. Immun. 33:186; Bur- 
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gess, M. N. et al. (1978) Infect. Immm. 21:60; Evans, D. G. 
et al. (1973) Infect. Immun. 1:S73; Gyles, C. L. (1979) Vlnu. 
N.Y. Acad. Set. 16:314; and Sack, R. B. (1975) Ann. Rev. 
Microbiol. 29:333.) Similarly, fragments and amino acid 
substitute derivatives of native ST are poorly immunogenic. 5 
Accordingly, conjugated compositions which include all or 
part of the native ST as an ST receptor binding moiety are 
generally poorly immunogenic to the extent that the native 
ST is poorly immunogenic. 

ST receptor ligands are conjugated to active agents by a 
variety of v/ell-known techniques readily performed without 
undue experimentation by those having ordinary skill in the 
art. The technique used to conjugate the ST receptor ligand 
to the active agent is dependent upon the moleciilar nature 
of the ST receptor ligand and the active agent. After the ST 
receptor ligand and the active agent are conjugated to form 
a single molecule, assays may be performed to ensure that 
the conjugated molecule retains the activities of the moi- 
eties. The ST receptor binding assay described above may be 
performed using flie conjugated compound to test whether it 
is capable of binding to the ST receptor. Similarly, the 
activity of the active moiety may be tested using various 
assays for each respective type of active agent. Radionu- 
clides retain there activity, i.e. their radioactivity, irrespec- 
tive of conjugation. With respect to active agents which are 
toxins, drugs and targeting agents, standard assays to dem- ^ 
onstrate the activity of unconjugated forms of these com- 
pounds may be used to confirm that the activity has been 
retained. 

Conjugation may be accomplished directly between the 
ST receptor ligand and the active agent or linking, interme- 
diate molecular groups may be provided between the ST 
receptor ligand and the active agent. Crosslinkers are par- 
ticularly useful to facilitate conjugation by providing attach- 
ment sites for each moiety. Crosslinkers may include addi- jj 
tional molecular groups which serve as spacers to separate 
the moieties from each other to prevent either from inter- 
fering with the activity of the other. 

In some prefeired embodiments, the ST receptor ligand 
peptide is SEQ ID N0:2, SEQ ID N0:3, SEQ ID NOS:5-54 40 
or fragments or derivatives thereof. It has been observed that 
conjugation to these molecules is preferably performed at 
the amino terminus of each respective peptide. In ST recep- 
tor ligand peptides comprising D amino acid sequences in 
the opposite order as SEQ ID N0:2, SEQ ID N0:3. SEQ ID 45 
NOS:5-54, conjugation preferably is performed at the car- 
boxy terminus. 

One having ordinary skill in the art may conjugate an ST 
receptor ligand peptide to a chemotherapeutic drug using 
well-known tectaiiques. For example, Magerstadt, M. Anti- 50 
body Conjugates and Malignant Disease. (1991) CRC 
Press, Boca Raton, USA, pp. 110-152) which is incorpo- 
rated herein by reference, teaches the conjugation of various 
cytostatic drugs to amino acids of antibodies. Such reactions 
may be applied to conjugate chemotherapeutic drugs to ST 55 
receptor ligands, including ST receptor binding peptides, 
with an appropriate linker. ST receptor ligands which have 
a free amino group such as ST receptor binding peptides 
may be conjugated to active agents at diat group. Most of the 
chemotherapeutic agents currently in use in treating cancer 60 
possess functional groups that are amenable to chemical 
crosslinMng directly with proteins. For example, free amino 
groups are available on methotrexate, doxorubicin, dauno- 
rubicin, cytosinarabinoside, cis-platin, vindesine, mitomy- 
cin and bleomycin while free carboxylic acid groups are 65 
available on methotrexate, melphalan, and chlorambucil. 
These ftmctional groups, that is free amino and carboxylic 
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acids, are targets for a variety of homobifimctional and 
heterobifimctional chemical crosslinMng agents which can 
crosslink these drugs directly to the single free amino group 
of ST. For example, one procedure for crosslinMng ST 
receptor ligands which have a free amino group such as ST 
receptor binding peptides, as for example SEQ ID N0:2, 
SEQ ID NO:3, SEQ ID NO:5-54 to active agents which 
have a free amino group such as methotrexate, doxorubicin, 
daunorubicin, cytosinarabinoside, cis-platin, vindesine, 
mitomycin and bleomycin, or alkaline phosphatase, or pro- 
tein- or peptide-based toxin employs homobifiinctiona] suc- 
cinimidyl esters, preferably wiUi carbon chain spacers such 
as disuccinimidyl suberate (Pierce Co, Rockford, 111.). In the 
event that a clearable conjugated compound is required, the 
same protocol would be employed utilizing 3,3'-dithiobis 
(sulfosuccinimidylpropionate; Pierce Co.). 

In order to conjugate an ST receptor ligand peptide to a 
peptide-based active agent such as a toxin, the ST receptor 
ligand and the toxin may be produced as a single, fusion 
protein either by standard peptide synthesis or recombinant 
DNA technology, both of which can be routinely performed 
by those having ordinary skill in the art. Alternatively, two 
peptides, the ST receptor ligand peptide and the peptide- 
based toxin may be produced and/or isolated as separate 
peptides and conjugated using crosslinkers. As with conju- 
gated compositions that contain chemotherapeutic drugs, 
conjugation of ST receptor binding peptides and toxins can 
exploit the ability to modify the single free amino group of 
an ST receptor binding peptide while preserving the recep- 
tor-binding function of this molecule. 

One having ordinary sMll in the art may conjugate an ST 
receptor ligand peptide to a radionuclide using well-known 
techniques. For example, Magerstadt, M. (1991) Antibody 
Conjugates And Malignant Disease, CRC Press, Boca 
Raton, Fla.,; and Barchel, S. W. and Rhodes, B. H., (1983) 
Radioimaging and Radiotherapy, Elsevier, NY, N.Y., each 
of which is incorporated herein by reference, teach the 
conjugation of various therapeutic and diagnostic radionu- 
clides to amino acids of antibodies. Such reactions may be 
applied to conjugate radionuclides to ST receptor ligand 
peptides or to ST receptor ligands including ST receptor 
ligand peptides with an appropriate linker. 

The present invention provides pharmaceutical composi- 
tions that comprise the conjugated compounds of the inven- 
tion and pharmaceutically acceptable carriers or diluents. 
The pharmaceutical composition of the present invention 
may be formulated by one having ordinary skill in the art. 
Suitable pharmaceutical carriers are described in Reming- 
ton 's Pharmaceutical Sciences, A. Osol, a standard refer- 
ence text in this field, which is incorporated herein by 
reference. In canning out methods of the present invention, 
conjugated compounds of the present invention can be used 
alone or in combination with other diagnostic, therapeutic or 
additional agents. Such additional agents include excipients 
such as coloring, stabilizing agents, osmotic agents and 
antibacterial agents. 

The conjugated compositions of the invention can be, for 
example, formulated as a solution, suspension or emulsion 
in association with a pharmaceutically acceptable parenteral 
vehicle. Examples of such vehicles are water, saline. Ring- 
er's solution, dextrose solution, and 5% human serum albu- 
min. Liposomes may also be used. The vehicle may contain 
additives that maintain isotonicity (e.g., sodium chloride, 
mannitol) and chemical stability (e.g., buffers and preserva- 
tives), lite formulation is sterilized by commonly used 
techniques. For example, a parenteral composition suitable 
for administration by injection is prepared by dissolving 
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1 ,5% by weight of active ingredient in 0.9% sodium chloride 
solution. 

The pharmaceutical compositions according to the 
present invention may be administered as either a single 
dose or in multiple doses. The pharmaceutical compositions 5 
of the present invention may be administered either as 
individual therapeutic agents or in combination with other 
therapeutic agents. The treatments of the present invention 
may be combined with conventional therapies, which may 
be administered sequentially or simultaneously. jq 

The pharmaceutical compositions of the present invention 
may be administered by any means that enables the conju- 
gated composition to readi the targeted cells. In some 
embodiments, routes of administration include those 
selected from the group consisting of intravenous, intraar- 15 
terial, intraperitoneal, local administration into the blood 
supply of the organ in which the tumor resides or directly 
into the timior itself. Intravenous administration is the pre- 
ferred mode of administration. It may be accomplished with 
the aid of an inAision pump. 20 

The dosage administered varies depending upon factors 
such as: the nature of the active moiety; the nature of the 
conjugated composition; pharmacodynamic characteristics; 
its mode and route of administration; age, health, and weight 
of the recipient; nature and extent of symptoms; kind of 25 
concurrent treatment; and frequency of treatment. 

Because conjugated compounds are specifically targeted 
to cells with ST receptors, conjugated compoxmds which 
comprise chemotherapeutics or toxins are administered in 
doses less than those which are used when the chemothera- 
peutics or toxins are administered as unconjugated active 
agents, preferably in doses that contain up to 100 times less 
active agent. In some embodiments, conjugated compounds 
which comprise chemotherapeutics or toxins are adminis- 
tered in doses that contain lcf-100 times less active agent as 
an active moiety than the dosage of chemotherapeutics or 
toxins administered as unconjugated active agents. To deter- 
mine the appropriate dose, the amount of compound is 
preferably measured in moles instead of by weight. In that 
way, the variable weight of different ST binding moieties 
does not affect the calculation. Presuming a one to one ratio 
of ST binding moiety to active moiety in conjugated com- 
positions of the invention, less moles of conjugated com- 
pounds may be admimstered as compared to the moles of 
unconjugated compounds admimstered, preferably up to 100 '^^ 
times less moles. 

TVpically, chemotherapeutic conjugates are administered 
intravenously in multiple divided doses. 

Up to 20 gm rV/dose of methotrexate is typically admin- 50 
istered in an unconjugated form. When methotrexate is 
administered as the active moiety in a conjugated compound 
of the invention, there is a 10- to 100-fold dose reduction. 
Thus, presuming each conjugated compound includes one 
molecule of methotrexate conjugated to one ST receptor 55 
binding moiety, of the total amount of conjugated compound 
admimstered, up to about 0.2-2.0 g of methotrexate is 
present and therefore administered. In some embodiments, 
of the total amount of conjugated compound administered, 
up to about 200 mg-2 g of methotrexate is present and go 
therefore administered. 

Methotrexate has a molecular weight of 455. One mole of 
the ST peptide-methotrexate conjugate weighs between 
about 1755-2955 depending on the ST peptide used. The 
effective dose range for ST peptide-methotrexate conjugate 65 
is between about 10 to 1000 mg. In some embodiments, 
dosages of 50 to 500 mg of ST peptide-methotrexate con- 
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jugate are administered. In some embodiments, dosages of 
80 to 240 mg of ST peptide-methotrexate conjugate are 
admimstered. 

Doxorubicin and daunorubicin each weigh about 535. 
Thus, ST peptide-doxorubicin conjugates and ST peptide- 
daunorubicin conjugates each have molecular weights of 
between about 1835-2553.5. Presuming each conjugated 
compound includes one molecule of doxorubicin or dauno- 
rubicin conjugated to one ST receptor binding moiety, the 
effective dose range for ST peptide-doxorubicin conjugate 
or ST peptide-daunombicin conjugate is between about 40 
to 4000 mg. In some embodiments, dosages of 100 to 1000 
mg of ST peptide-doxorubicin conjugate or ST peptide- 
daunombicin conjugate are administered. In some embodi- 
ments, dosages of 200 to 600 mg of ST peptide-doxorubicin 
conjugate or ST peptide-daunorubicin conjugate are admin- 
istered. 

Toxin-containing conjugated compounds are formulated 
for intravenous administration. Using this approach, up to 6 
nanomoles/kg of body weight of toxin have been adminis- 
tered as a single dose with marked therapeutic effects in 
patients with melanoma (Spitler L. E., et al. (1987) Cancer 
Res. 47:1717). In some embodiments, up to about 11 micro- 
grams of ST peptide-toxin conjugated compound/kg of body 
weight may be administered for therapy. 

Presuming each conjugated compound includes one mol- 
ecule of ricin toxin A chain conjugated to an ST receptor 
binding moiety, conjugated compositions comprising ricin 
toxin A chain are administered in doses in which the 
proportion by weight of ricin toxin A chain is 1-500 pg of 
the total weight of the conjugated compound admimstered. 
In some preferred embodiments, conjugated compositions 
comprising ricin toxin A chain are administered in doses in 
which the proportion by weight of ricin toxin A chain is 
10-100 ng of the total weight of the conjugated compound 
administered. In some preferred embodiments, conjugated 
compositions comprising ricin toxin A chain are adminis- 
tered in doses in which the proportion by weight of ricin 
toxin A chain is 2-50 ng of the total weight of the conjugated 
compound administered. The molecular weight of ricLn 
toxin A chain is 32,000. Thus, a conjugated compound that 
contams ricin A chain linked to an ST peptide has a 
molecular weight of about 33,300-34,500. The range of 
doses of such conjugated compounds to be administered are 
1 to 500 fig. In some embodiments, 10 to 100 (ig of such 
conjugated compounds are administered. In some embodi- 
ments, 20 to 50 (jg of such conjugated compounds are 
administered. 

Presuming each conjugated compound includes one mol- 
ecule of diphtheria toxin A chain conjugated to an ST 
receptor binding moiety, conjugated compositions compris- 
ing diphtheria toxin A chain are administered in doses in 
which the proportion by weight of diphtheria toxin A chain 
is 1-500 ng of the total weight of the conjugated compound 
administered. In some preferred embodiments, conjugated 
compositions comprising diphtheria toxin A chain are 
administered in doses in which the proportion by weight of 
diphtheria toxin A chain is 10-100 (ig of the total weight of 
the conjugated compound administered. In some preferred 
embodiments, conjugated compositions comprising diphthe- 
ria toxin A chain are administered in doses in which the 
proportion by weight of diphtheria toxin A chain is 40-80 jig 
of the total weight of the conjugated compound adminis- 
tered. The molecular weight of diphtheria toxin A chain is 
66,600. Thus, a conjugated compound that contains diph- 
theria A chain linked to an ST peptide has a molecular 
weight of about 67,900-69,100. The range of doses of such 
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conjugated compounds to be administered tested are 1 to 
500 ng. In some embodiments, 10 to 100 ng of such 
conjugated compounds are administered. In some embodi- 
ments, 40 to 80 ng of such conjugated compounds are 
administered. 5 

Presuming each conjugated compound includes one mol- 
ecule of Pseudomonas exotoxin conjugated to an ST recep- 
tor binding moiety, conjugated compositions comprising 
Pseudomonas exotoxin are administered in doses in which 
the proportion by weight of Pseudomonas exotoxin is jo 
0.01-100 ng of the total weight of the conjugated compound 
administered. In some preferred embodiments, conjugated 
compositions comjHising Pseudomonas exotoxin are admin- 
istered in doses m which the proportion by weight of 
Pseudomonas exotoxin is 0.1-10 ng of the total weight of 15 
the conjugated compound administered. In some preferred 
embodiments, conjugated compositions comprising 
Pseudomonas exotoxin are administered in doses in which 
the proportion by weight of Pseudomonas exotoxin is 
0.3-2.2 ng of the total weight of the conjugated compound 20 
administered. The molecular weight of Pseudomonas exo- 
toxin is 22,000. Thus, a conjugated compound that contains 
Pseudomonas exotoxin linked to an ST peptide has a 
molecular weight of about 23.300-24,500. The range of 
doses of such conjugated compounds to be administered 25 
tested are 0.01 to 100 (ig. In some embodiments, 0.1 to 10 
Hg of such conjugated compounds are administered. In some 
embodiments, 0.3 to 2.2 ng of such conjugated compounds 
are administered. 

To dose conjugated compositions comprising ST receptor 30 
binding moieties linked to active moieties that are radioiso- 
topes in pharmaceutical compositions useful as imaging 
agents, it is presumed that each ST receptor binding moiety 
is linked to one radioactive active moiety. The amount of 
radioisotope to be administered is dependent upon the 35 
radioisotope. Those having ordinary skill in the art can 
readily formulate the amount of conjugated compound to be 
administered based upon the specific activity and energy of 
a given radionuclide used as an active moiety. Typically 
0.1-100 millicuries per dose of imaging agent, preferably 40 
1-10 millicuries, most often 2-5 millicuries are adminis- 
tered. Thus, pharmaceutical compositions according to the 
present invention useful as imaging agents which comprise 
conjugated compositions comprising an ST receptor binding 
moiety and a radioactive moiety comprise 0.1-100 millicu- 45 
ries, in some embodiments preferably 1-10 millicuries, in 
some embodiments preferably 2-5 millicuries, in some 
embodiments more preferably 1-S millicuries. Examples of 
dosages include: "*I=*etween about 0.1-100 millicuries per 
dose, in some embodiments preferably 1-10 millicuries, in 50 
some embodiments 2-5 millicmies, and in some embodi- 
ments about 4 millicuries; "^In=between about 0.1-100 
millicuries per dose, in some embodiments preferably 1-10 
millicuries, in some embodiments 1-5 millicuries, and in 
some embodiments about 2 millicuries; '''"Tc=between 55 
about 0.1-100 millicuries per dose, in some embodiments 
preferably 5-75 millicuries, in some embodiments 10-50 
milhcuries, and in some embodiments about 27 millicuries. 
Depending upon the specific activity of the radioactive 
moiety and the weight of the ST receptor binding moiety the 60 
dosage defined by weight varies. ST peptides have molecu- 
lar weights of between about 1300-2500. In the pharma- 
ceutical composition comprising an ST peptide linked to a 
single "'I in which the specific activity of "*I-ST peptide 
is about 2000 Ci/mmol, administering the dose of 0.1-100 65 
millicuries is the equivalent of 0.1-100 ng ^^'I-ST peptide, 
administering the dose of 1-10 millicuries is the equivalent 
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of 1-1 0 ng of "*I-ST peptide, administering the dose of 2-5 
millicuries is equivalent to giving 2-5 |ig of '^^1-ST peptide 
and administering the dose of 1-5 millicuries is equivalent 
to giving 1-5 ng of '^'I-ST peptide. In the pharmaceutical 
composition comprising an ST peptide linked to a single 
"'In in which the specific activity of '"In-ST peptide is 
about 1 Ci/mmol, administering the dose of 0.1-100 milli- 
curies is the equivalent of 0.2-200 mg "'In-ST peptide, 
administering the dose of 1-10 millicuries is the equivalent 
of 2r-20 mg of '"In-ST peptide, administering the dose of 
2-5 millicuries is equivalent to giving 4-10 mg of "'Iq-ST 
peptide and administering the dose of 1-5 millicuries is 
equivalent to giving 2-10 mg of "'In-ST peptide. 

To dose conjugated compositions comprising ST receptor 
binding moieties linked to active moieties that are radioiso- 
topes in pharmaceutical compositions useful as therapeutic 
agents, it is presumed that each ST receptor binding moiety 
is linked to one radioactive active moiety. The amount of 
radioisotope to be administered is dependent upon the 
radioisotope. Those having ordinary skill in the art can 
readily formulate the amount of conjugated compoimd to be 
administered based upon the specific activity and energy of 
a given radionuclide used as an active moiety. For thera- 
peutics that comprise "'I, between 10-1000 nM, preferably 
50-500, more preferably about 300 nanomoles of '^'l at the 
tumor, per gram of tumor, is desirable. Thus, if there is about 
1 gram of tumor, and about 0.1% of the administered dose 
binds to the tumor, 0.5-100 mg of "'1-ST peptide conju- 
gated compound is administered. In some embodiments, 1 to 
50 mg of ^^'1-ST peptide conjugated compound is admin- 
istered. In some embodiments, 5 to 10 mg of '^'I-ST peptide 
conjugated compound is administered. Wessels B. W. and R. 
D. Rogus (1984) Med. Phys. 11:638 and Kwok, C. S. et al. 
(1985) Med. Phys. 12:405, both of which are incorporated 
herien by reference, disclose detailed dose calculations for 
diagnostic and therapeutic conjugates which may be used in 
the preparation of pharmaceutical compositions of the 
present invention which include radioactive conjugated 
compounds. 

One aspect of the present invention relates to a method of 
treating individuals suspected of suffering from metasta- 
sized colorectal cancer. Such individuals may be treated by 
administering to the individual a pharmaceutical composi- 
tion that comprises a pharmaceutically acceptable carrier or 
diluent and a conjugated compound that comprises an ST 
receptor binding moiety and an active moiety wherein the 
active moiety is a radiostable therapeutic agent. In some 
embodiments of the present invention, the pharmaceutical 
composition comprises a pharmaceutically acceptable car- 
rier or diluent and a conjugated compound that comprises an 
ST receptor binding moiety and an active moiety wherein 
the active moiety is a radiostable active agent and the ST 
receptor binding moiety is a peptide. In some embodiments 
of the present invention, the pharmaceutical composition 
comprises a pharmaceutically acceptable carrier or diluent 
and a conjugated compound that comprises an ST receptor 
binding moiety and an active moiety wherein the active 
moiety is a radiostable active agent and the ST receptor 
binding moiety is selected from the group consisting of: 
SEQ ID N0:2, SEQ ID N0:3, SEQ ID NOS:5-54 and 
fragments and derivatives thereof. In some embodiments of 
the present invention, the pharmaceutical composition com- 
prises a pharmaceutically acceptable carrier or diluent and a 
conjugated compound that comprises an ST receptor binding 
moiety and an active moiety wherein the active moiety is a 
radiostable active agent and tiie ST receptor binding moiety 
is selected from the group consisting of: SEQ ID NO:2, SEQ 
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ID N0:3, SEQ ID N0:5, SEQ ID N0:6 and SEQ ID NO:54. there is some metastasis as yet undetected. The phannaceu- 

In some embodiments of the present invention, the pharma- tical composition contains a therapeutically effective 

ceutical composition comprises a pharmaceutically accept- amount of the conjugated composition. A therapeutically 

able carrier or diluent and a conjugated compound that effective amount is an amount which is effective to cause a 

comprises an ST receptor binding moiety and an active 5 cytotoxic or cytostatic effect on metastasized colorectal 

moiety wherein the active moiety is a radiostable therapeutic cancer cells without causing lethal side effects on the indi- 

agent. In some embodiments of the present invention, the vidual. 

pharmaceutical composition comprises a pharmaceutically One aspect of the present invention relates to a method of 
acceptable carrier or diluent and a conjugated compound treating individuals suspected of suffering from metasta- 
that comprises an ST receptor binding moiety and an active lO sized colorectal cancer. Such individuals may be treated by 
moiety wherein the active moiety is a raciostable active administeiing to the individual a pharmaceutical composi- 
agent selected from the group consisting of: methotrexate, tion that comprises a pharmaceutically acceptable carrier or 
doxorubicin, daunorubicin, cytosinarabinoside, etoposide, diluent and a conjugated compound that comprises an ST 
5-4 fluorouracil, melphalan, chlorambucil, cis-platinum, receptor binding moiety and an active moiety wherein the 
vindesine, mitomycin, bleomycin, purothionin, macromo- 15 active moiety is a radioactive. In some embodiments of the 
mycin, 1,4 -benzoquinone derivatives, trenimon, ricin, ricin present invention, the pharmaceutical composition com- 
A chain, Pseudomonas exotoxin, diphtheria toxin, prises a pharmaceutically acceptable carrier or diluent and a 
Clostridium peifringens phospholipase C, bovine pancreatic conjugated compound that comprises an ST receptor binding 
ribonuclease, pokeweed antiviral protein, abrin, abrin A moiety and an active moiety wherein the active moiety is a 
chain, cobra venom factor, gelonin, saporin, modeccin, 20 radioactive and the ST receptor binding moiety is a peptide, 
viscumin, volkensin, alkaline phosphatase, nitroimidazole. In some embodiments of the present invention, the pharma- 
metronidazole and misonidazole. In some embodiments of ceutical composition comprises a pharmaceutically accept- 
the present invention, the pharmaceutical composition com- able carrier or diluent and a conjugated compound that 
prises a pharmaceutically acceptable carrier or diluent and a comprises an ST receptor binding moiety and an active 
conjugated compound that comprises an ST receptor binding 25 moiety wherein the active moiety is a radioactive and the ST 
moiety and an active moiety wherein the ST receptor bind- receptor binding moiety is selected from the group consist- 
ing moiety is selected from the group consisting of: SEQ ID ing of: SEQ ID NO:2, SEQ ID NO:3, SEQ ED NOS:5-54 
N0:2, SEQ ID N0:3, SEQ ID NOS:5-54 and fragments and and fragments and derivatives thereof In some embodi- 
derivatives thereof and the active moiety is a radiostable ments of the present invention, the pharmaceutical compo- 
active agent selected from the group consisting of: methotr- 30 sition comprises a pharmaceutically acceptable carrier or 
exate, doxorubicin, daunorubicin, cytosinarabinoside, eto- diluent and a conjugated compound that comprises an ST 
poside, 5-4 fluorouracil, melphalan, chlorambucil, cis-plati- receptor binding moiety and an active moiety wherein the 
num, vindesine, mitomycin, bleomycin, purothionin, active moiety is a radioactive and the ST receptor binding 
macromomycin, 1,4-benzoquinone derivatives, trenimon, moiety is selected from the group consisting of: SEQ ID 
ricin, ricin A chain, Pseudomonas exotoxin, diphtheria toxin, 35 N0:2, SEQ ID N0:3, SEQ ID N0:5, SEQ ID N0:6 and SEQ 
Clostridium perfringens phospholipase C, bovine pancreatic ID NO:54. In some embodiments of the present invention, 
ribonuclease, pokeweed antiviral protein, abrin, abrin A the pharmaceutical composition comprises a pharmaceuti- 
chain, cobra venom factor, gelonin, sapoiin, modeccin, cally acceptable carrier or diluent and a conjugated com- 
viscumin, volkensin, alkaline phosphatase, nitroimidazole, pound that comprises an ST receptor binding moiety and an 
metronidazole and misonidazole. In some embodiments of 40 active moiety wherein the active moiety is a radioactive 
the present invention, the pharmaceutical composition com- agent selected from the group consisting of: "'Sc, ^'Cu, '°y, 
prises a pharmaceutically acceptable carrier or diluent and a ^°'Pd, "^I, '"I, "'I, '^^Re, ^*^Re, ^^'Au, ^"At, ^'^Pb, 
conjugated compound that comprises an ST receptor binding ^'^B, ^^P and '^P, ''Ge, '"As, '°^Pb, '°^Rh, "'Ag, "*Sb, 
moiety and an active moiety wherein the active moiety is a '^*Sn, "*Cs, "^r, **'Tb, "'Lu, '®*0s, ^^^'^Pt, '^''Hg. In 
radiostable active agent selected from the group consisting 43 some embodiments of the present invention, the pharma- 
of: methotrexate, doxorubicin, daunorubicin, cytosinarabi- ceutical composition comprises a pharmaceutically accept- 
noside, cis-platin, vindesine, mitomycin and bleomycin, able carrier or diluent and a conjugated compound that 
alkaline phosphatase, ricin A chain, Pseudomonas exotoxin comprises an ST receptor binding moiety and an active 
and diphtheria toxin. In some embodiments of the present moiety wherein the ST receptor binding moiety is selected 
invention, the pharmaceutical composition comprises a 50 from the group consisting of: SEQ ID N0:2, SEQ ID N0:3, 
pharmaceutically acceptable carrier or diluent and a conju- SEQ ID NOS:5-54 and fragments and derivatives thereof 
gated compound that comprises an ST receptor binding and the active moiety is a radioactive agent selected from the 
moiety and an active moiety wherein the ST receptor bind- group consisting of: "^^Sc, *''Cu, ®°Y, "^d, '^^I, '^^I, "'I, 
ing moiety is selected from the group consisting of: SEQ ID '^*Re, '^^Re, '''Au, ^'^At, ^'^Pb, ^'^B, ^^P and ^^P, ''Ge, 
NO:2,SEQIDNO:3,SEQIDNO:5,SEQIDNO:6andSEQ 55 "As, '°^Pb, '°=Rh, ""Ag, "'Sb, '^'Sn, '^'Cs, '«Pr, '*'Tb, 
ID NO:54 and the active moiety is a radiostable active agent "^Lu, '^^Os, '^^"Pt, ^"Hg, ^^P and ^^P, ''^Ge, ''"'As, '°^Pb, 
selected from the group consisting of: methotrexate, doxo- '°^Rh, "^Ag, "'Sb, ^^^Sn, '^'Cs, '"^Pr, '®^Tb, "^Lu, ^^'Os, 
rubicin, daunorubicin, cytosinarabinoside, cis-platin, vin- '^^'^Pt, "^Hg, all beta negative and/or auger emitters. In 
desine, mitomycin and bleomycin, alkaline phosphatase, some embodiments of the present invention, the pharma- 
ricin A chain, Pseudomonas exotoxin and diphtheria toxin. 60 ceutical composition comprises a pharmaceutically accept- 
In some embodiments of the present invention, the pharma- able carrier or diluent and a conjugated compound that 
ceutical composition comprises a pharmaceutically accept- conqjrises an ST receptor binding moiety and an active 
able carrier or diluent and a radiostable conjugated com- moiety wherem the active moiety is a radioactive agent 
pound described in Example 1 . The individual being treated selected from the group consisting of: *^Sc, ^''Cu, '"Y, '°'Pd, 
may be diagnosed as having metastasized colorectal cancer 65 '^I, *^^I, '^*I, '**Re, '**Re, '^^Au, ^"At, ^'^Pb, ^*^B, ^^P 
or may be diagnosed as having localized colorectal cancer and ^^P, ""Ge, "As, '"^Pb, '°*Rh, "^Ag, "®Sb, '^'Sn, 
and may undergo the treatment proactively in the event that ^^'Cs, ''^^Pr, '*'Tb, '"Lu, "'Os, '^^Wp^^ "'Hg. In some 
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embodiments of the present invention, the pharmaceutica] 
composition comprises a pharmaceutically acceptable car- 
rier or diluent and a conjugated compound that comprises an 
ST receptor binding moiety and an active moiety wherein 
the ST receptor binding moiety is selected from the group 5 
consisting of: SEQ ID NO:2, SEQ ID N0:3, SEQ ID N0:5, 
SEQ ID N0:6 and SEQ ID NO:54 and the active moiety is 
a radioactive agent selected from the group consisting of: 
"''Sc, ^^Cu, '°Y, '"^d, "'I, '^I, '^X i**Re, '^^Re, '»'Au, 
2" At, ^'^Pb, ^'^B, and ^^P, "Ge, ''"'As, ""Pb. '"^Rh, 10 
'^'Ag, "'Sb, '^'Sn, "'Cs, '"^^Pr, '^'Tb, '""Lu, '^'Os, 
i93Mpj^ i97jjg gjjjjjg embodiments of the present inven- 
tion, the pharmaceutical composition comprises a pharma- 
ceutically acceptable carrier or diluent and a radioactive 
conjugated compound described in Example 1. Hie indi- 15 
vidual being treated may be diagnosed as having metasta- 
sized colorectal cancer or may be diagnosed as having 
localized colorectal cancer and may undergo the treatment 
proactively in the event that there is some metastasis as yet 
undetected. The pharmaceutical composition contains a 20 
therapeutically effective amount of the conjugated compo- 
sition. A therapeutically effective amount is an amount 
which is effective to cause a cytotoxic or cytostatic effect on 
metastasized colorectal cancer cells without causing lethal 
side effects on the individual. 2S 

One aspect of the present invention relates to a method of 
detecting metastasized colorectal cancer cells in an indi- 
vidual suspected of suffering from metastasized colorectal 
cancer by radioimaging. Such individuals may be diagnosed 
as suffering from metastasized colorectal cancer and the 30 
metastasized colorectal cancer cells may be detected by 
administering to the individual, preferably by intravenous 
administration, a pharmaceutical composition that com- 
prises a pharmaceutically acceptable canier or diluent and a 
conjugated compound that comprises an ST receptor binding 35 
moiety and an active moiety wherein the active moiety is a 
radioactive and detecting the presence of a localized accu- 
mulation or aggregation of radioactivity, indicating the pres- 
ence of cells with ST receptors. In some embodiments of the 
present invention, the pharmaceutical composition com- 40 
prises a pharmaceutically acceptable carrier or diluent and a 
conjugated compound that comprises an ST receptor binding 
moiety and an active moiety wherein the active moiety is a 
radioactive and the ST receptor binding moiety is a peptide. 
In some embodiments of the present invention, the pharma- 45 
ceutical composition comprises a pharmaceutically accept- 
able carrier or diluent and a conjugated compound that 
comprises an ST receptor binding moiety and an active 
moiety wherein the active moiety is a radioactive and the ST 
receptor binding moiety is selected from the group consist- 50 
ing of: SEQ ID N0:2, SEQ ID NO:3, SEQ ID NOS:5-54 
and fragments and derivatives thereof. In some embodi- 
ments of the present invention, the pharmaceutical compo- 
sition comprises a pharmaceutically acceptable carrier or 
diluent and a conjugated compound that comprises an ST 55 
receptor binding moiety and an active moiety wherein the 
active moiety is a radioactive and the ST receptor binding 
moiety is selected from the group consisting of: SEQ ID 
N0:2, SEQ ID NO:3, SEQ ID N0:5, SEQ ID NO:6 and SEQ 
ID NO:54. In some embodiments of the present invention, 60 
the pharmaceutical composition comprises a pharmaceuti- 
cally acceptable carrier or diluent and a conjugated com- 
pound that comprises an ST receptor binding moiety and an 
active moiety wherein the active moiety is a radioactive 
agent selected from the group consisting of: radioactive 65 
heavy metals such as iron chelates, radioactive chelates of 
gadolinium or manganese, positron emitters of oxygen. 



nitrogen, iron, carbon, or gallium, ''^K, ^^Fe, ^'Co, ""Cu, 
'^■'Ga, ^^Ga, "Br, "Rb/^^^, ^™Si, ^^'^Tc, "^In, '"^In, 

123j_ 125j^ 127(-,g^ 129(.3^ 131j^ 132j^ 197jjg^ 203pjj 2063^ 

some embodiments of the present invention, the pharma- 
ceutical composition comprises a pharmaceutically accept- 
able carrier or diluent and a conjugated compound that 
comprises an ST receptor binding moiety and an active 
moiety wherein the ST receptor binding moiety is selected 
from the group consisting of: SEQ ID NO:2, SEQ ID NO:3, 
SEQ ED NOS:5-54 and fragments and derivatives thereof 
and the active moiety is a radioactive agent selected from the 
group consisting of: radioactive heavy metals such as iron 
chelates, radioactive chelates of gadolinium or manganese, 
positron emitters of oxygen, nitrogen, iron, carbon, or gal- 
Uum, '•^K, ^^Fe, ^'Co, ^'Cu, *'Ga, ^'Ga, "Br, ^^RW^Kr, 
^^Sx,^'*Tc. >"In, "^In. '"Cs, '=«'Cs, "^I, 

lOTjjg^ 203pjj J 206gj gpj^g embodiments of the present 
invention, the pharmaceutical composition comprises a 
pharmaceutically acceptable carrier or diluent and a conju- 
gated compound that comprises an ST receptor binding 
moiety and an active moiety wherein the active moiety is a 
radioactive agent selected from the group consisting of: "^'K, 
5^Fe, ^''Co, ^^Cu, ^^Ga, «^Ga, "Br, «'Rb/^'*^Kr, *™Sr, 
^**^Tc, '"In, "''"In, '^I, '^^I, '"Cs, "'Cs, "'I, ^'^I, 
'^Hg, ^°'Pb and ^°*Bi. In some embodiments of the present 
invention, the pharmaceutical composition comprises a 
pharmaceutically acceptable carrier or diluent and a conju- 
gated compound that comprises an ST receptor binding 
moiety and an active moiety wherein the ST receptor bind- 
ing moiety is selected from the group consisting of: SEQ ID 
N0:2, SEQ ID N0:3, SEQ ID NO:5, SEQ ID NO:6 and SEQ 
ID NO:54 and the active moiety is a radioactive agent 
selected from the group consisting of: '*'K, "Fe, ^^Co, ''''Cu, 
^'Ga, "^Ga, "Br, ^W^Ki, «'^Sr. "'^Tc, "'in, "='^In, 

I23i_ 12Sj^ 127CS, 129cs, 131l^ I32j^ Wjjg, 203pb 20631. In 

some embodiments of the present invention, the pharma- 
ceutical composition comprises a pharmaceutically accept- 
able carrier or diluent and a radioactive conjugated com- 
poimd described in Example I. The individual being treated 
may be diagnosed as having metastasized colorectal cancer 
or may be diagnosed as having localized colorectal cancer 
and may undergo the treatment proactively in die event that 
there is some metastasis as yet undetected. The pharmaceu- 
tical composition contains a diagnostically effective amount 
of the conjugated composition. A diagnostically effective 
amount is an amount which can be detected at a site in the 
body where cells with ST receptors are located without 
causing lethal side effects on the individual. 

Another aspect of the invention relates to unconjugated 
compositions which comprise an ST receptor binding ligand 
and an active agent. For example, liposomes are small 
vesicles composed of lipids. Drugs can be introduced into 
the center of these vesicles. The outer shell of these vesicles 
comprise an ST receptor binding ligand. Liposomes Volumes 
1, 2 and 3 CRC Press Inc. Boca Raton, Fla., which is 
incorporated herein by reference, disclose preparation of 
liposome-encapsulated active agents which include target- 
ing agents that correspond to ST receptor ligand in the outer 
shell. Unconjugated compositions which comprise an ST 
receptor ligand in the matrix of a liposome with an active 
agent inside include such compostions in which the ST 
receptor Ugand is selected from the group consisting of: 
SEQ ID N0:2, SEQ ID N0:3, SEQ ID NOS:5-54 and 
fragments and derivatives thereof and the active agent is 
selected from the group consisting of: methotrexate, doxo- 
rubicin, daunorabicin, cytosinarabinoside, eloposide, 5-4 
fluorouracil, melphalan, chlorambucil, cis-platinum, vin- 
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desine, mitomycin, bleomycin, purothionin, macromomy- CRC Press Inc. Boca Raton, Fla., which is incorporated 

cin, 1,4 -benzoquinone derivatives, trenimon, licin, ricin A herein by reference, disclose preparation of liposome-en- 

chain, Pseudomonas exotoxin, diphtheria toxin, Clostridium capsulated active agents which include antibodies in the 

perfringens phospholipase C, bovine pancreatic ribonu- outer shell. In the present invention, an ST receptor ligand 
clease, pokeweed antiviral protein, abrin, abrin A chain, 5 such as for example an ST peptide corresponds to the 

cobra venom factor, gelonin, saporin, modeccin, viscmnin, antibodies in the outer shell. Unconjugated compositions 

vollcensin, alkaline phosphatase, nitroimidazole, metronida- which comprise an ST receptor ligand in the matrix of a 

zole and misonidazole. liposome with an active agent inside include such compo- 

Another aspect of the invention relates to unconjugated sitions in which the ST receptor ligand is selected ftom the 

and conjugated compositions which comprise an ST lecep- group consisting of: SEQ ID N0:2, SEQ ID N0:3, SEQ ID 

tor ligand used to deliver therapeutic nucleic acid molecules NOS:5-54 and fragments and derivatives thereof, 

to cells that comprise an ST receptor such as normal cells of In one embodiment for example, cystic fibrosis, a genetic 

the intestinal tract as well as metastasized colorectal cancer disease in which there is a mutation of a specific gene 

cells. In some embodiments, the genetic material is deliv- encoding a chloride transport protein which ultimately pro- 

ered to metastasized tumor cells to produce an antigen that duces abnormalities of function in many systems, most 

can be targeted by the immune system or to produce a notably in the respiratory and intestinal tract, is treated by 

protein which kills the cell or inhibits its proliferation. In gene therapy techniques using ST receptor ligands to deliver 

some embodiments, the ST receptor ligand is used to deliver the corrective gene to cells. Current therapy has been 

nucleic acids that encode nucleic acid molecules which directed at replacing the mutant gene in the respiratory 

replace defective endogenous genes or which encode thera- system with the normal gene by targeting these genes 

peutic proteins. In some embodiments, the ST receptor directly to the cells lining the respiratory tract using viruses 

ligand is thus used to deliver the active agent specifically to ^hich bind only to those cells. Similarly, the normal-gene is 

the cells lining the intestinal tract to treat diseases specific to packaged in liposomes targeted on their surface with ST 

this organ. According to this aspect of the invention, com- receptor ligands and delivered to the intestinal tract. ST 

positions comprise nucleic acid molecules which can replace receptor ligands specifically target and direct the liposomes 

defective genes. In some embodiments, the composidons are containing the normal gene to correct the lesion for cystic 

used in gene therapy protocols to deUver to individuals. fibrosis to the specific cells lining the intestinal tract, from 

genetic material needed and/or desired to make up for a the duodenum to the tectum. Uptake of that genetic material 

genetic deficiency. by those cells should result in a cure of cystic fibrosis in the 

In some embodiments, the ST receptor ligand is combined intestinal tract, 

with or incorporated into a delivery vehicle thereby con- in another embodiment, the delivery of normal copies of 

verting the delivery vehicle into a specifically targeted the p53 tumor suppressor gene to the intestinal tract is 

delivery vehicle. For example, an ST receptor bindmg accomplished using ST receptor ligand to target the gene 

peptide may be integrated into the outer portion of a viral therapeutic. Mutations of the p53 tumor suppressor gene 
particle making such a vims an ST receptor-bearing cell 35 appears to play a prominent role in the development of 

specific virus. Similarly, the coat protein of a virus may be colorectal cancer in the intestinal tract. One approach to 

engineered such that it is produced as a fusion protein which combatting this disease is the delivery of normal copies of 

includes an active ST receptor binding peptide that is this gene to the intestinal tract to cells expressing mutant 

exposed or otherwise accessible on the outside of the viral forms of this gene. Genetic constructs that comprise normal 
particle making such a virus an ST receptor-bearing cell- ^ p53 tumor suppressor genes are incorporated into liposomes 

specific virus. In some embodiments, an ST receptor ligand that comprise an ST receptor ligand. The composition is 

may be integrated or otherwise incorporated into the lipo- delivered to the intestinal tract. ST receptor binding ligands 

somes wherein the ST receptor ligand is exposed or other- specifically target and direct the liposomes containing the 

wise accessible on the outside of the liposome making such normal gene to correct the lesion created by mutation of p53 
liposomes specifically targeted to ST receptor-bearing cells. ^5 suppressor gene in intestinal cells. 

The active agent in the conjugated or unconjugated com- Preparation of genetic constructs is with the skill of those 

positions according to this aspect of the invention is a having otdmaiy skill in the art. The present invention allows 

nucleic acid molecule. The nucleic add may be RNA or such construct to be specifically targeted by using the ST 

preferably DNA. In some embodiments, the nucleic acid receptor ligands of the present invention. The compositions 
molecule is an antisense molecule or encodes an antisense 50 of the invention include an ST receptor ligand such as an ST 

sequence whose presence in the cell inhibits production of peptide associated with a delivery vehicle and a gene 

an undesirable protein. In some embodiments, Uie nucleic construct which comprises a coding sequence for a protein 

acid molecule encodes a ribozyme whose presence in the ^hose production is desired m the cells of the intestinal tract 

cell inhibits production of an undesirable protein. In some linked to necessary regulatory sequences for expression in 
embodiments, the nucleic acid molecule encodes a protein 55 the cells. For uptake by cells of die intestinal tract, the 

or peptide that is desirably produced in the cell. In some compositions are administered orally or by enema whereby 

embodiments, the nucleic acid molecule encodes a func- they enter the intestinal tract and contact cells which com- 

tional copy of a gene that is defective in the targeted ceU. pnse ST receptors. The delivery vehicles associate witii the 

The nucleic acid molecule is preferably operably linked to ST receptor by virtue of the ST receptor ligand and the 
regulatory elements needed to express the coding sequence go vehicle is internalized into the cell or flie active agent/ 

in the cell. genetic construct is otherwise taken up by the cell. Once 

Liposomes are small vesicles composed of lipids. Genetic internalized, the construct can provide a therapeutic effect on 

constructs which encode proteins that are desked to be the individual. One having ordinary skill in the art can 

expressed in ST receptor-bearing cells are introduced into readily formulate such compositions for oral or enema 
the center of these vesicles. The outer shell of these vesicles 65 administration and determine the efiFective amount of such 

comprise an ST receptor ligand, in some embodiments composition to be administered to treat the disease or 

preferably an ST peptide. Liposomes Volumes 1, 2 and 3 disorder. 
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Example 1 

The following axe representative compounds according to 
the present invention. Whenever stated below, reference to 
a series of compounds is provided for efficiency and is meant 10 
to name each compound in the series including all the 
compounds in numerical order, such as for example "3-Dl 
to 3-D16" is meant to refer to compounds 3-Dl, 3-D2, 3-D3, 
3-D4, 3-D5, 3-D6, 3-D7, 3-D8, 3-D9, 3-DlO, 3-Dll, 3-D12, 
3-D13, 3-D14, 3-D15 and 3-D16. Likewise, whenever staled 15 
below, reference to a series of SEQ ID NO:'s is provided for 
efficiency and is meant to name each SEQ ID NO: in the 
series including the all SEQ ID NO:'s in numerical order, 
such as for example SEQ ID N0:5 through SEQ ID NO:54 
is meant to refer to SEQ ID N0:5, SEQ ID N0:6, SEQ ID 20 
N0:7, SEQ ID N0:8, SEQ ID N0:9, SEQ ID NO:10, SEQ 
ID N0:11, SEQ ED NO:12, SEQ ID N0:13, SEQ ID NO:14, 
SEQ ID NO:15, SEQ ID NO:16, SEQ ID N0:17, SEQ ID 
N0:18, SEQ ID N0:19. SEQ ID NO:20. SEQ ID N0:21, 
SEQ ID NO:22, SEQ ID NO:23, SEQ ID NO:24, SEQ ID 25 
NO:25, SEQ ID NO:26, SEQ ID NO:27, SEQ ID NO:28, 
SEQ ID NO:29, SEQ ID NO:30, SEQ ID N0:31, SEQ ID 
NO:32. SEQ ID NO:33, SEQ ID NO:34, SEQ ID NO:35, 
SEQ ID NO:36, SEQ ID NO:37, SEQ ID NO:38, SEQ ID 
NO:39, SEQ ID NO:40, SEQ ID N0:41, SEQ ID NO:42, 30 
SEQ ID NO:43, SEQ ID NO:44, SEQ ID NO:45. SEQ ID 
NO:46, SEQ ID NO:47, SEQ ID NO:48, SEQ ED NO:49, 
SEQ ID NO:50. SEQ ID N0:51, SEQ ID NO:52, SEQ ID 
NO:53 and SEQ ID NO:54. Similarly, whenever stated 
below, reference to a series of compounds is provided for 35 
efSciency and is meant to name each compound in the series 
including the all compounds in numerical order, such as for 
•example "5-AP to 54-AP" is meant to refer to compounds 
5-AP, 6-AP, 7-AP, 8-AP, 9-AP, 10- AP, 11-AP, 12-AP, 13-AP, 
14- AP, 15-AP, 16-AP, 17-AP, 18-AP, 19-AP, 20-AP, 21-AP, 40 
22-AP, 23-AP, 24-AP, 25-AP, 26-AP, 27-AP, 28-AP, 29-AP, 
30-AP, 31-AP, 32-AP, 33- AP, 34-AP, 35-AP, 36-AP, 37-AP, 
38-AP, 39-AP, 40-AP, 41-AP, 42-AP, 43-AP, 44-AP, 45-AP, 
46-AP, 47-AP, 48-AP, 49-AP, 50-AP, 51-AP, 52-AP. 53-AP 
and 54-AP. 45 

Compound 2-Dl comprises methotrexate (amethoptain) 
conjugated to SEQ ID NO:2. 

Compound 2-D2 comprises doxorubicin (adrimycin) con- 
jugated to SEQ ID NO:2. ^ 

Compound 2-D3 comprises daunorubicin conjugated to 
SEQ ID NO:2. 

Compound 2-D4 comprises cytosinarabinoside conju- 
gated to SEQ ID NO:2. 

Compound 2-DS comprises etoposide conjugated to SEQ 55 
ID NO:2. 

Compound 2-D6 comprises 5-4 fluorouracil conjugated to 
SEQ ID N0:2. 

Compound 2-D7 comprises meiphalan conjugated to SEQ 
ID NO:2. ^° 

Compound 2-D8 comprises chlorambucil conjugated to 
SEQ ID N0:2. 

Compound 2-D9 comprises cyclophosphamide conju- 
gated to SEQ ID N0:2. 65 

Compound 2-DlO comprises cis-platinum conjugated to 
SEQ ID N0:2. 
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Compound 2-Dll comprises vindesine conjugated t 
SEQ ID NO:2. 

Compound 2-D12 comprises mitomycin conjuj 
SEQ ID N0:2. 

Compound 2-D13 comprises bleomycin conjuj 
SEQ ID NO:2. 

Compound 2-D14 comprises purothior 
SEQ ID N0:2. 

Compound 2-D15 compi 
to SEQ ID N0:2. 

Compound 2-D16 comprises trenimon conjugated to SEQ 
ID N0:2, 

Compounds 3-Dl to 3-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 3-Dl to 3-D16 each comprise SEQ ID NO:3 as the 
ST receptor binding moiety. 

Compounds 5-Dl to 5-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 5-Dl to 5-D16 each comprise SEQ ID N0:5 as the 
ST receptor binding moiety. 

Compounds 6-Dl to 6-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 6-Dl to 6-D16 each comprise SEQ ID N0:6 as the 
ST receptor binding moiety. 

Compounds 7-Dl to 7-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 7-Dl to 7-D16 each comprise SEQ ID NO:7 as the 
ST receptor binding moiety. 

Compounds 8-Dl to 8-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 8-Dl to 8-D16 each comprise SEQ ID N0:8 as the 
ST receptor binding moiety. 

Compounds 9-Dl to 9-Di6 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ED N0:2 as the ST receptor binding moiety, com- 
pounds 9-Dl to 9-D16 each comprise SEQ ID N0:9 as the 
ST receptor binding moiety. 

Compounds 10-Dl to 10-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 10-Dl to 10-D16 each comprise SEQID NO:2 as the 
ST receptor binding moiety. 

Compounds 12-Dl to 1 2-Dl 6 are the same as compoimds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 12-Dl to 12-D16 each comprise SEQ ID N0:11 as 
the ST receptor binding moiety. 

Compounds 12-Dl to 12-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 12-Dl to 12-D16 each comprise SEQ ID NO: 12 as 
the ST receptor binding moiety. 

Compounds 13-Dl to 13-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 13-Dl to 13-D16 each comprise SEQ ID N0:13 as 
the ST receptor binding moiety. 

Compounds 14-Dl to 14-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of a 
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SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 14-Dl to 14-D16 each comprise SEQ ID NO: 14 as 
the ST receptor binding moiety. 

Compounds 15-Dl to 15-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising s 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 15-Dl to 15-D16 each comprise SEQ ID NO:15 as 
the ST receptor binding moiety. 

Compounds 16-Dl to 16-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising lo 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 16-Dl to 16-D16 each comprise SEQ ID N0:16 as 
the ST receptor binding moiety. 

Compounds 17-Dl to 17-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 15 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 17-Dl to 17-D16 each comprise SEQ ID NO:17 as 
the ST receptor binding moiety. 

Compounds 18-Dl to 18-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 20 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 18-Dl to 18-Dl 6 each comprise SEQ ID NO: 18 as 
the ST receptor binding moiety. 

Compounds 19-Dl to 19-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO: 2 as the ST receptor binding moiety, com- 
pounds 19-Dl to 19-D16 each comprise SEQ ID N0:19 as 
the ST receptor binding moiety. 

Compounds 20-Dl to 20-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 20-Dl to 20-Dl 6 each comprise SEQ ID NO:20 as 
the ST receptor binding moiety. 

Compounds 22-Dl to 22-D 16 are the same as compounds 35 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 22-Dl to 22-D 16 each compriise SEQ ID N0:21 as 
the ST receptor binding moiety. 

Compounds 22-Dl to 22-D 16 are the same as compounds 40 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 22-Dl to 22-D 16 each comprise SEQ ID NO:22 as 
the ST receptor binding moiety. 

Compounds 23-Dl to 23-D 16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0;2 as the ST receptor binding moiety, com- 
pounds 23-Dl to 23-D16 each comprise SEQ ID NO:23 as 
the ST receptor binding moiety. 

Compounds 24-Dl to 24-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 24-Dl to 24-Dl 6 each comprise SEQ ID NO:24 as 
the ST receptor binding moiety. 

Compounds 25-Dl to 25-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 25-Dl to 25-D16 each comprise SEQ ID NO:25 as 
the ST receptor binding moiety. 

Compounds 26-Dl to 26-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 26-Dl to 26-Dl 6 each comprise SEQ ID NO:26 as 
the ST receptor binding moiety. gj 

Compounds 27-Dl to 27-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
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SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 27-Dl to 27-D16 each comprise SEQ ID NO:27 as 
the ST receptor binding moiety. 

Compounds 28-Dl to 28-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 28-Dl to 28-D16 each comprise SEQ ID NO:28 as 
the ST receptor binding moiety. 

Compounds 29-Dl to 29-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 29-Dl to 29-D16 each comprise SEQ ID NO:29 as 
the ST receptor binding moiety. 

Compounds 30-Dl to 30-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 30-Dl to 30-Dl 6 each comprise SEQ ID NO:30 as 
the ST receptor binding moiety. 

Compounds 32-Dl to 32-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 32-Dl to 32-D16 each comprise SEQ ID N0:31 as 
the ST receptor binding moiety. 

Compounds 32-Dl to 32-D 16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 32-Dl to 32-D16 each comprise SEQ ID NO:32 as 
the ST receptor binding moiety. 

Compounds 33-Dl to 33-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 33-Dl to 33-D16 each comprise SEQ ID NO:33 as 
the ST receptor binding moiety. 

Compounds 34-Dl to 34-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NQ:2 as the ST receptor binding moiety, com- 
pounds 34-Dl to 34-D16 each comprise SEQ ID NO:34 as 
the ST receptor bindmg moiety. 

Compounds 35-Dl to 35-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 35-Dl to 35-D16 each comprise SEQ ID NO:35 as 
the ST receptor binding moiety. 

Compounds 36-Dl to 36-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 36-Dl to 36-D16 each comprise SEQ ID NO:36 as 
the ST receptor binding moiety. 

Compounds 37-Dl to 37-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 37-Dl to 37-D16 each comprise SEQ ID NO:37 as 
the ST receptor binding moiety. 

Compounds 38-D] to 38-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 38-Dl to 38-D16 each comprise SEQ ID NO:38 as 
the ST receptor binding moiety. 

Compounds 39-Dl to 39-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 39-Dl to 39-D16 each comprise SEQ ID NO:39 as 
the ST receptor binding moiety. 

Compounds 40-Dl to 40-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
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SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 40-Dl to 40-D16 each comprise SEQ ID NO:40 as 
the ST receptor binding moiety. 

Compounds 42-Dl to 42-D 16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 5 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 42-Dl to 42-D 16 each comprise SEQ ID NO:41 as 
the ST receptor binding moiety. 

Compounds 42-Dl to 42-D 16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising lo 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 42-Dl to 42-D16 each comprise SEQ ID NO:42 as 
the ST receptor binding moiety. 

Compounds 43-Dl to 43-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 15 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 43-Dl to 43-Dl 6 each comprise SEQ ID NO:43 as 
the ST receptor binding moiety. 

Compounds 44-Dl to 44-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 20 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 44-Dl to 44-D16 each comprise SEQ ID NO:44 as 
the ST receptor binding moiety. 

Compounds 45-Dl to 45-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 45-Dl to 45-D16 each comprise SEQ ID NO:45 as 
the ST receptor binding moiety. 

Compounds 46-Dl to 46-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 46-Dl to 46-D16 each comprise SEQ ID NO:46 as 
the ST receptor binding moiety. 

Compounds 47-Dl to 47-D16 are the same as compounds 35 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 47-Dl to 47-Dl 6 each comprise SEQ ID NO:47 as 
the ST receptor binding moiety. 

Compounds 48-Dl to 48-D16 are the same as compounds 40 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor bindmg moiety, com- 
pounds 48-Dl to 48-D16 each comprise SEQ ID NO:48 as 
the ST receptor binding moiety. 

Compounds 49-Dl to 49-D16 are the same as compounds 45 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 49-Dl to 49-D16 each comprise SEQ ID NO:49 as 
the ST receptor binding moiety. 

Compounds 50-Dl to 50-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 50-Dl to 50-D16 each comprise SEQ ID NO:50 as 
the ST receptor binding moiety. 

Compounds 51 -Dl to 51-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 51-Dl to 51-D16 each comprise SEQ ID NO:51 as 
the ST receptor binding moiety. 

Compounds 52-Dl to 52-D16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 52-Dl to 52-D 16 each comprise SEQ ID NO:52 as 
the ST receptor binding moiety. 65 

Compounds 53-Dl to 53-D 16 are the same as compounds 
2-Dl to 2-Dl 6, respectively, except instead of comprising 
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SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 53-Dl to 53-D 16 each comprise SEQ ID NO:53 as 
the ST receptor binding moiety. 

Compounds 54-Dl to 54-D16 are the same as compounds 
2-Dl to 2-D16, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 54-Dl to 54-Dl 6 each comprise SEQ ID NO:54 as 
the ST receptor binding moiety. 

Compound 2-Tl comprises ricin conjugated to SEQ ID 
NO:2. 

Compound 2-T2 comprises ricin A chain (ricin toxin) 
conjugated to SEQ ID N0:2. 

Compound 2-T3 comprises Pseudomonas exotoxin (PE) 
conjugated to SEQ ID NO:2. 

Compound 2-T4 comprises diphtheria toxin (DT), conju- 
gated to SEQ ID NO:2. 

Compound 2-T5 comprises Clostridiwn perfringens 
phospholipase C (PLC) conjugated to SEQ ED N0:2. 

Compound 2-T6 comprises bovine pancreatic ribonu- 
clease (BPR) conjugated to SEQ ID N0:2. 

Compound 2-T7 comprises pokeweed antiviral protein 
(PAP) conjugated to SEQ ID NO:2. 

Compound 2-T8 comprises abrin conjugated to SEQ ID 
N0:2. 

Compound 2-T9 comprises abrin A chain (abrin toxin) 
conjugated to SEQ ID N0:2. 

Compound 2-TlO comprises cobra venom factor (CVF) 
conjugated to SEQ ID N0:2. 

Compound 2-Tll comprises gelonin (GEL) conjugated to 
SEQ ID N0:2. 

Compound 2-T12 comprises saporiii (SAP) conjugated to 
SEQ ID N0:2. 

Compound 2-T13 comprises modeccin conjugated to 
SEQ ID NO:2. 

Compound 2-T14 comprises viscumin conjugated to SEQ 
ID NO:2. 

Compound 2-T15 comprises volkensin conjugated to 
SEQ ID NO:2. 

Compounds 3-Tl to 3-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 3-Tl to 3-T15 each comprise SEQ ID N0:3 as the 
ST receptor binding moiety. 

Compounds 5-Tl to 5-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 5-Tl to 5-T15 each comprise SEQ ID N0:5 as the 
ST receptor binding moiety. 

Compounds 6-Tl to 6-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 6-Tl to 6-T15 each comprise SEQ ID NO:6 as the 
ST receptor binding moiety. 

Compounds 7-Tl to 7-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 7-Tl to 7-T15 each comprise SEQ ID N0:7 as the 
ST receptor binding moiety. 

Compounds 8-Tl to 8-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 8-Tl to 8-T15 each comprise SEQ ID NO:8 as the 
ST receptor binding moiety. 
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Compounds 9-Tl to 9-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 9-Tl to 9-T15 each comprise SEQ ID NO:9 as the 
ST receptor binding moiety. 5 

Compounds 10-Tl to 10-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 10-Tl to 10-Tl 5 each comprise SEQ ID N0:2 as the 
ST receptor binding moiety. 10 

Compounds 11-Tl to 11-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 11-Tl to 11-T15 each comprise SEQ ID N0:11 as 
the ST receptor binding moiety. 15 

Compounds 12-Tl to 12-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 12-Tl to 12-T15 each comprise SEQ ID NO: 12 as 
the ST receptor binding moiety. 20 

Compounds 13-Tl to 13-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 13-Tl to 13-T15 each comprise SEQ ID N0:13 as 
the ST receptor binding moiety. 

Compounds 14-Tl to 14-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 14-Tl to 14-T15 each comprise SEQ ID N0:14 as 
the ST receptor binding moiety. 

Compounds 15-Tl to 15-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 15-Tl to 15-Tl 5 each comprise SEQ ID NO: 15 as 35 
the ST receptor binding moiety. 

Compounds 15-Tl to 15-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 15-Tl to 15-T15 each comprise SEQ ID N0:15 as 40 
the ST receptor binding moiety. 

Compounds 17-Tl to 17-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 17-Tl to 17-Tl 5 each comprise SEQ ID NO: 17 as ^5 
the ST receptor binding moiety. 

Compounds 18-Tl to 18-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 18-Tl to 18-Tl 5 each comprise SEQ ID NO: 18 as ^° 
the ST receptor binding moiety. 

Compounds 19-Tl to 19-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 19-Tl to 19-T15 each comprise SEQ ID NO: 19 as 
the ST receptor binding moiety. 

Compounds 20-Tl to 20-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ED N0:2 as the ST receptor binding moiety, com- go 
pounds 20-Tl to 20-T15 each comprise SEQ ID NO:20 as 
the ST receptor binding moiety. 

Compounds 21-Tl to 21-TlS are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor bindmg moiety, com- 65 
pounds 21-Tl to 21-T15 each comprise SEQ ID N0:21 as 
the ST receptor binding moiety. 
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Compounds 22-Tl to 22-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 22-Tl to 22-T15 each comprise SEQ ID NO:22 as 
the ST receptor binding moiety. 

Compounds 23-Tl to 23-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 23-Tl to 23-T15 each comprise SEQ ID NO:23 as 
the ST receptor binding moiety. 

Compounds 24-Tl to 24-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 24-Tl to 24-T15 each comprise SEQ ID N0:24 as 
the ST receptor binding moiety. 

Compounds 25-Tl to 25-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 25-Tl to 25-T15 each comprise SEQ ID NO:25 as 
the ST receptor binding moiety. 

Compounds 26-Tl to 26-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 26-Tl to 26-Tl 5 each comprise SEQ ID NO:26 as 
the ST receptor binding moiety. 

Compounds 27-Tl to 27-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 27-Tl to 27-T15 each comprise SEQ ID NO:27 as 
the ST receptor binding moiety. 

Compounds 28-Tl to 28-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 28-Tl to 28-Tl 5 each comprise SEQ ID NO:28 as 
the ST receptor binding moiety. 

Compounds 29-Tl to 29-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety,' com- 
pounds 29-Tl to 29-T15 each comprise SEQ ID N0:29 as 
the ST receptor binding moiety. 

Compounds 30-Tl to 30-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 30-Tl to 30-Tl 5 each comprise SEQ ID NO:30 as 
the ST receptor binding moiety. 

Compounds 31-Tl to 31-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 31-Tl to 31-T15 each comprise SEQ ID NO:31 as 
the ST receptor binding moiety. 

Compounds 32-Tl to 32-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 32-Tl to 32-T15 each comprise SEQ ID NO:32 as 
the ST receptor binding moiety. 

Compounds 33-Tl to 33-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 33-Tl to 33-T15 each comprise SEQ ID NO:33 as 
the ST receptor binding moiety. 

Compounds 34-Tl to 34-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 34-Tl to 34-T15 each comprise SEQ ID NO:34 as 
the ST receptor binding moiety. 
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Compounds 35-Tl to 35-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 35-Tl to 35-Tl 5 each comprise SEQ ID NO:35 as 
the ST receptor binding moiety. 5 

Compounds 36-Tl to 36-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ED N0:2 as the ST receptor binding moiety, com- 
pounds 36-Tl to 36-Tl 5 each comprise SEQ E) NO:36 as 
the ST receptor binding moiety. 10 

Compounds 37-Tl to 37-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 37-Tl to 37-Tl 5 each comprise SEQ ID NO:37 as 
the ST receptor binding moiety. 15 

Compounds 38-Tl to 38-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 38-Tl to 38-T15 each comprise SEQ ID NO:38 as 
the ST receptor binding moiety. 20 

Compounds 39-Tl to 39-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 39-Tl to 39-Tl 5 each comprise SEQ ID NO:39 as 
the ST receptor binding moiety. ^ 

Compounds 40-Tl to 40-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 40-Tl to 40-Tl 5 each comprise SEQ ID NO:40 as 3^ 
the ST receptor binding moiety. 

Compounds 41-Tl to 41-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 41-Tl to 41-T15 each comprise SEQ ID N0:41 as 35 
the ST receptor binding moiety. 

Compounds 42-Tl to 42-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 42-Tl to 42-T15 each comprise SEQ ID NO:42 as 40 
the ST receptor binding moiety. 

Compounds 43-Tl to 43-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NQ:2 as the ST receptor binding moiety, com- 
pounds 43-Tl to 43-Tl 5 each comprise SEQ ID NO:43 as ^5 
the ST receptor binding moiety. 

Compounds 44-Tl to 44-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 44-Tl to 44-Tl 5 each comprise SEQ ED NO:44 as ^° 
the ST receptor binding moiety. 

Compounds 45-Tl to 45-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- jj 
pounds 45-Tl to 45-T15 each comprise SEQ ID NO:45 as 
the ST receptor binding moiety. 

Compounds 46-Tl to 46-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- go 
pounds 46-Tl to 46-Tl 5 each comprise SEQ ID NO:46 as 
the ST receptor binding moiety. 

Compounds 47-Tl to 47-T15 are the same as compounds 
2-Tl to 2-Tl 5, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 65 
pounds 47-Tl to 47-Tl 5 each comprise SEQ ID NO:47 as 
the ST receptor binding moiety. 
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Compounds 48-Tl to 48-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 48-Tl to 48-T15 each comprise SEQ ID NO:48 as 
the ST receptor binding moiety. 

Compounds 49-Tl to 49-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 49-Tl to 49-T15 each comprise SEQ ID NO:49 as 
the ST receptor binding moiety. 

Compounds 50-Tl to 50-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 50-Tl to 50-T15 each comprise SEQ ID NQ:50 as 
the ST receptor binding moiety. 

Compounds 51-Tl to 51-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 51-Tl to 51-Tl 5 each comprise SEQ ID N0:51 as 
the ST receptor binding moiety. 

Compounds 52-Tl to 52-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID NO:2 as the ST receptor binding moiety, com- 
pounds 52-Tl to 52-Tl 5 each comprise SEQ ID NQ:52 as 
the ST receptor binding moiety. 

Compounds 53-Tl to 53-T15 are the same as compounds 
2-T] to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 53-Tl to 53-T15 each comprise SEQ ID NO:53 as 
the ST receptor binding moiety. 

Compounds 54-Tl to 54-T15 are the same as compounds 
2-Tl to 2-T15, respectively, except instead of comprising 
SEQ ID N0:2 as the ST receptor binding moiety, com- 
pounds 54-Tl to 54-T15 each comprise SEQ ID NO:54 as 
the ST receptor binding moiety. 

Compounds 2-AP, 3-AP and 5- AP to 54- AP refer to the 5 1 
conjugated compounds that comprise alkaline phosphatase 
conjugated to SEQ ID N0:2, SEQ ID NO:3 and SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-NIZ, 3-NIZ and 5-NIZ to 54-NIZ refer to 
the 51 conjugated compounds that comprise nitroimidazole 
conjugated to SEQ ED N0:2, SEQ ID NO:3 and SEQ ID 
NO:5 through SEQ ED NO:54, respectively. 

Compounds 2-MEZ, 3-MEZ and 5-MEZ to 54-MEZ refer 
to the 51 conjugated compounds that comprise metronida- 
zole conjugated to SEQ BD N0:2, SEQ ID NO:3 and SEQ 
ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-MIS, 3-MIS and 5-MIS to 54-MIS refer to 
the SI conjugated compounds that comprise misonidazole 
conjugated to SEQ ID N0:2, SEQ ID N0:3 and SEQ ID 
NO:5 through SEQ ID NO:54, respectively. 

Compounds 2-47Sc, 3-47Sc and 5-47Sc to 54-47Sc refer 
to the 51 conjugated compounds that comprise *^Sc conju- 
gated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID NO:5 
through SEQ ID NO:54, respectively. 

Compounds 2-67Cu, 3-67Cu and 5-67Cu to 54-67Cu 
refer to the 51 conjugated compounds that comprise *'Cu 
conjugated to SEQ BD N0:2, SEQ ID NO:3 AND SEQ ID 
NO:5 through SEQ ED NO:54, respectively. 

Compounds 2-90Y, 3-90Y and 5-90Y to 54-90Y refer to 
the 51 conjugated compounds that comprise ^'Y conjugated 
to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID NO:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-109Pd, 3-109Pd and 5-109Pd to 54-109Pd 
refer to the 51 conjugated compounds that comprise '"'Pd 
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conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO;54, respectively. 

Compounds 2-1231, 3-1231 and 5-1231 to 54-1231 refer to 
the 51 conjugated compounds that comprise ^^I conjugated 
to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID NO:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-1251, 3-1251 and 5-1251 to 54-1251 refer to 
the 51 conjugated compounds that comprise *^I conjugated 
to SEQ ID N0:2. SEQ ID N0:3 AND SEQ ID N0:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-1311, 3-1311 and 5-1311 to 54-1311 refer to 
the 51 conjugated compounds that comprise "'I conjugated 
to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID N0:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-1321, 3-1321 and 5-1321 to 54-1321 refer to 
the 51 conjugated compounds that comprise '^^I conjugated 
to SEQ ID NO:2, SEQ ID NO:3 AND SEQ ID N0:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-186Re, 3-186Re and 5-186Re to 54-1 86Re 
refer to the 51 conjugated compounds that comprise '**Re, 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-188Re, 3-188Re and 5-188Re to 54-188Re 
refer to the 51 conjugated compounds that comprise '®*Re, 
conjugated to SEQ ID NO:2, SEQ ID NO:3 AND SEQ ID 
NO:5 through SEQ ID NO:54, respectively. 

Compounds 2-199Au, 3-199Au and 5-199Au to 
54-1 99 Au refer to the 51 conjugated compounds that com- 
prise ''*Au, conjugated to SEQ ID NO;2, SEQ ID NO: 3 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-211At, 3-211At and 5-211At to 54-211At 
refer to the 51 conjugated compounds that comprise ^^^At, 
conjugated to SEQ ID NO:2. SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-212Pb, 3-212Pb and 5-212Pb to 54-212Pb 
refer to the 51 conjugated compounds that comprise ^'^Pb 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-212Bi, 3-212Bi and 5-212Bi to 54-212Bi 
refer to the 51 conjugated compounds that comprise ^'^Bi 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ED NO:54, respectively. 

Compounds 2-203Pb, 3-203Pb and 5-203Pb to 54-203Pb 
refer to the 51 conjugated compounds that comprise ^°^Pb 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respecUvely. 

Compounds 2-206Bi, 3-206Bi and 5-206Bi to 54-206Bi 
refer to the 51 conjugated compounds that comprise ^°*Bi 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-32P, 3-32P and 5-32P to 54-32P refer to the 
51 conjugated compounds that comprise ^^P conjugated to 
SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID NO:5 through 
SEQ ID NO:54, respectively. 

Conipounds 2-33P, 3-33P and 5-33P to 54-33P refer to the 
51 conjugated compounds that comprise ^^P conjugated to 
SEQ ID NO:2, SEQ ID NO:3 AND SEQ ID NO:5 through 
SEQ ID NO:54, respectively. 

Compounds 2-71Ge, 3-71Ge and 5-71Ge to 54-71Ge 
refer to the 51 conjugated compounds that comprise ""Ge 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-77 As, 3-77 As and 5-77 As to 54-77 As refer 
to the 51 conjugated compounds that comprise ''As conju- 
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gated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID N0:5 
through SEQ ID NO:54, respectively. 

Compounds 2-103Pd, 3-103Pd and 5-103Pd to 54-103Pd 
refer to the 51 conjugated compounds that comprise '°^Pd 
5 conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
NO:5 through SEQ ID NO:54, respectively. 

Compounds 2-105Rh, 3-105Rh and 5-105Rh to 
54-105Rh refer to the 51 conjugated compounds that com- 
prise '°*Rh conjugated to SEQ ID N0:2, SEQ ID N0:3 
10 AND SEQ ID NO:5 through SEQ ID NO:54, respectively. 

Compounds 2-lllAg, 3-lllAg and 5-lllAg to 54-lllAg 
refer to the 51 conjugated compounds that comprise "'Ag 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-119Sb, 3-119Sb and 5-119Sb to 54-119Sb 
refer to the 51 conjugated compounds that comprise "®Sb 
conjugated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 
20 Compounds 2-121Sn, 3-121-Sn and 5-121Sn to 54-121Sn 
refer to the 51 conjugated compounds that comprise '^'Sn 
conjugated to SEQ ID NO:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-131Cs, 3-131Cs and 5-131Cs to 54-131Cs 
25 refer to the 51 conjugated compounds that comprise '^'Cs 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0;5 through SEQ ID NO:54, respectively. 

Compounds 2-127Cs, 3-131Cs and 5-131Cs to 54-127Cs 
refer to the 51 conjugated compounds that comprise '^'Cs 
30 conjugated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-129Cs, 3-129Cs and 5-129Cs to 54-129Cs 
refer to the 51 conjugated compounds that comprise '^'Cs 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-143Pr, 3-143Pr and 5-143Pr to 54-143Pr 
refer to the 51 conjugated compounds that comprise "^Pr 
conjugated to SEQ ID NO:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-161Tb, 3-161Tb and 5-161Tb to 54-161Tb 
refer to the 51 conjugated compounds that comprise ^*'Tb 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
NO:5 through SEQ ID NO:54, respectively. 
45 Compounds 2-177Lu, 3-177Lu and 5-177Lu to 54-177Lu 
refer to the 51 conjugated compounds that comprise '''Lu 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-1910s, 3-1910s and 5-1910s to 54-1910s 
50 refer to the 51 conjugated compounds that comprise '*^0s 
conjugated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-193mPt, 3-193niPt and 5-193niPt to 
54-193mPt refer to the 51 conjugated compounds that 
comprise '^^'^Pt conjugated to SEQ ID N0:2, SEQ ID N0:3 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-197Hg, 3-197Hg and 5-197Hg to 
54-197Hg refer to the 51 conjugated compounds that com- 
prise '''Hg conjugated to SEQ ID N0:2, SEQ ID N0:3 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-43K, 3-43K and 5-43K to 54-43K refer to 
the 51 conjugated compounds that comprise '*^K conjugated 
to SEQ ID N0;2, SEQ ID N0:3 AND SEQ ID N0:5 through 
65 SEQ ID NO:54, respectively. 

Compounds 2-52Fe, 3-52Fe and 5-52Fe to 54-52Fe refer 
to the 51 conjugated compounds that comprise '^Fe conju- 
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gated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID N0:5 
through SEQ ID NO:54, respectively. 

Compounds 2-57Co, 3-57Co and 5-57Co to 54-57Co 
refer to the 51 conjugated compounds that comprise ^^Co 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 5 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-67Ga, 3-67Ga and 5-67Ga to 54-67Ga 
refer to the 51 conjugated compounds that comprise ^'Ga 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. lo 

Compounds 2-68Ga, 3-68Ga and 5-68Ga to 54-68Ga 
refer to the 51 conjugated compounds that comprise *^Ga 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-77Br, 3-77Br and 5-77Br to 54-77Br refer 15 
to the 51 conjugated compounds that comprise '"Br conju- 
gated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID N0:5 
through SEQ ID NO:54, respectively. 

Compounds 2-8 IRb, 3-8 IRb and 5-81Rb to 54-8 IRb 
refer to the 51 conjugated compounds that comprise *'Rb 20 
conjugated to SEQ ID N0:2, SEQ ID NO:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-81niKr, 3-81mKr and S-81mKr to 
54-81mKr refer to the 51 conjugated compounds that com- 
prise ^'''Kr conjugated to SEQ ID N0:2, SEQ ID N0:3 25 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-87mSr, 3-87mSr and 5-87mSr to 54-87mSr 
refer to the 51 conjugated compounds that comprise ^""^Sr 
conjugated to SEQ ID N0:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 30 

Compounds 2-99mTc, 3-99mTc and 5-99mTc to 
54-99mTc refer to the 51 conjugated compounds that com- 
prise ^'"Tc conjugated to SEQ ID N0:2, SEQ ID N0:3 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-lllIn, 3-lllIn and 5-lllIn to 54-lllIn 
refer to the 51 conjugated compounds that comprise '"in 
conjugated to SEQ ID NO:2, SEQ ID N0:3 AND SEQ ID 
N0:5 through SEQ ID NO:54, respectively. 

Compounds 2-113mIn, 3-113mIn and 5-113mIn to 40 
54-113mIn refer to the 51 conjugated compounds that com- 
prise '"'^Ih conjugated to SEQ ID N0:2, SEQ ID N0:3 
AND SEQ ID N0:5 through SEQ ID NO:54, respectively. 

The compounds described in this example are combined 
with a pharmaceutically acceptable carrier or diluent to 45 
produce pharmaceutical compositions according to the 
present invention. Radiostable compounds described herein 
are useful in pharmaceutical compositions as therapeutics in 
the treatment of individuals suspected of suffering from 
metastasized colorectal cancer including treatment of indi- 50 
viduals diagnosed with localized colorectal cancer as a 
prophylactic/therapeutic before metastasis can be readily 
detected. When present in therapeutically effective amounts, 
radioactive compounds described herein are useful in phar- 
maceutical compositions as therapeutic agents in the treat- 55 
ment of individuals suspected of suffering from metastasized 
colorectal cancer including treatment of individuals diag- 
nosed with localized colorectal cancer as a prophylactic/ 
therapeutic before metastasis can be readily detected. When 
present in diagnostically effective amounts, radioactive 60 
compounds described hraein are useful in pharmaceutical 
compositions as imaging agents ui the diagnosis and iden- 
tification of metastasized colorectal cancer in individuals. 
Example 2 

One procedure for crosslinking ST receptor ligands which 
have a free amino group such as ST receptor binding 
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peptides, as for example SEQ ID N0:2, SEQ ID N0:3, and 
SEQ ID NOS:5-54 to active agents which have a free amino 
group such as methotrexate, doxorubicin, daunorubicin, 
cytosinarabinoside, cis-platin, vindesine, mitomycin and 
bleomycin, or alkaline phosphatase, or protein- or peptide- 
based toxin employs homobifunctional succinimidyl esters, 
preferably with chain carbon spacers such as disuccinimidyl 
suberate (Pierce Co, Rockford, El.). This approach of amino 
group derivatization has been employed successfully to 
crosslink native ST to biotin and, ultimately, to large agarose 
beads of micron-scale size, preserving die function of native 
ST (Hughes, M., et al. (1991) Biochem. 30:10738; Hakki, S.. 
et al. (1993) Int. J. Biochem. 25:557; Almenoff, J. S., et al. 
(1992) Mol. Micro. 8:865; each of which is incorporated 
herein by reference). 

An ST binding ligand with the free amino group such as 
an ST receptor binding peptide is incubated in the presence 
of the chemical crosslinking agent and an active agent which 
have a free amino group in equimolar quantities at room 
temperature for 15-30 min. Incubation is terminated by 
separating the reactants by gel permeation chromatography 
by HPLC. This technique separates the conjugated com- 
pounds from free active agents and free ST binding ligands, 
active agent-active agent conjugates and ST binding ligand- 
ST binding ligand conjugates. Homogeneous preparations of 
conjugated through their free amino groups and with a 
preferred molar ratio of 1:1 are obtained. As indicated 
above, complexing the free amino group of an ST peptide 
preserves receptor binding function. 

Example 3 

In the event that a cleavable conjugated compound is 
required, the same protocol as described above may be 
employed utilizing 3,3'-dithiobis (sulfosuccinimidylpropi- 
onate (SPDP); Pierce, lU.). SPDP forms a sulfhydral group 
from a free amino group which may be used to conjugate a 
compound to another free amino group. For example, ST 
peptides such as SEQ ID N0:2, SEQ ID N0:3, SEQ ID 
NOS:5-54 are derivatized using established procedures 
employing N-succinimidyl-3 (2-pyridildithio)propionate 
(SPDP, Pharmacia-LKB, New Jersey). The ST peptide is 
incubated with a 5-fold molar excess of SPDP for 30 
minutes at room temperature. The ST-pyridylthiopropionate 
conjugate is separated from unreacted reagents by gel per- 
meation chromatography by HPLC. An active agent with a 
free amino group, such as a protein-based toxin, is prepared 
for conjugation by reduction with dithiothreitol for 4 hours 
at room temperature. Reduced active agent is incubated with 
a 2-fold molar excess of ST receptor ligand-PDP conjugate 
at pH 8.0 for 36 hours at 4°°C. Conjugate compound is 
purified from unreacted agents by gel penneation chroma- 
tography by HPLC. 

This protocol for conjugation is particularly useful to 
conjugate ST peptides to diphtheria toxin A chains and 
Pscudomonas exotoxin as well as ricin toxin A chains 
(Magerstadt, M. Antibody Conjugates and Malignant Dis- 
ease. (1991) CRC Press, Boca Raton, USA, pp. 110-152; 
Cawley, D. B. et al. (1980) Cell 22:563; Cumber, A. J., et al. 
(1985) Meth. Enz. 112:207; Gros, O. (1985) J. Immunol. 
Meth. 81:283; Worrell, N. R.. et al. (1986) Anti-Cancer Drug 
Design 1:179; Thoipe, P. E. et al. (1987) Cancer Res. 
47:5924, each of which is incorporated herein by reference). 

Example 4 

Active agents with a free amino group may be derivatized 
with SPDP as described above and conjugated with an ST 
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ligand that has a free amino group and that has been 
modified with the succinimidyl ester of iodoacetic acid 
(Pierce Co., Rockford, HI.) (Magerstadt, M. (1991) Antibody 
Conjugates And Malignant Disease, CRC Press Boca Raton; 
Cumber, A. J. et al. (1985) Meth. Enz. 112:20, which are 5 
incorporated herein by reference). Conjugation relies on the 
selective reaction of iodoacetyl groups introduced into the 
amino terminal of the ST ligand with the thiol groups 
introduced into the active agent. As with the above protocol, 
this procedure avoids homopolymer formation. However, lo 
the product is conjugated through a central thioether linkage 
which cannot be reduced. 

Example 5 

An ST receptor ligand with a free amino group and active 
agents with free amino groups may be conjugated through a 
disulfide bond using iminothiolane (Pierce, Rockford, HI.) 
(Fitzgerald, D. J. P. et al. (1983) Cell 32:607; Magerstadt, M. 
(1991) Antibody Conjugates And Malignant Disease, CRC 
Press, Boca Raton; Bjom, M. J., et al. (1985) Cancer Res. 
45:1214; Bjom, M. J., et al. (1986) Cancer Res. 46:3262, 
which are incorporated herein by reference). The ST recep- 
tor ligand with a free amino group is deri vatized at the amino 
terminal with iminothiolane and the active agent is deriva- 
tized with SPDP as described above. Reacting iminothi- 
olane-derivatized ST receptor ligand with SPDP-derivatized 
active agent results in conjugation by a reducible disulfide 
bond. In addition, iminothiolane provides the versatility to 
conjugate these proteins tlirough bonds other than disulfides. 
Thus, derivatization of active agents with the heterobifunc- 
tional agent sulfosuccinimidyl 4-(N-maleimidomethyl) 
cyclohexane (Pierce, Rockford, IL) and reaction with imi- 
nothiolane-derivatized ST receptor ligand will conjugate 
these peptides without formation of disulfides. 

Example 6 

Conjugated compounds according to the invention which 
comprise an active moiety that is a therapeutic agent spe- 
cifically inhibit T84 cells in vitro. The following protocols 40 
may be used to demonstrate that the conjugated compounds 
according to the invention which comprise an active moiety 
that is chemotherapeutic or toxin specifically inhibit T84 
cells in vitro. Inhibition of T84 cells is assessed by deter- 
mining the effects of conjugated compounds on the ability of 45 
T84 cells to incorporate ^^S-leucine into protein, ^H-thymi- 
dine into DNA, and to form colonies. The assessment of 
protein and DNA synthesis are classical techniques to deter- 
mine the cytotoxicity of conjugated compounds in vitro. 
Inhibition of protein synthesis is measured because the so 
toxins used as active moieties are specific inhibitors of this 
process. Therefore, these assays are the most sensitive 
measure of whether conjugated compounds are binding to 
and internalized into T84 cells. Inhibition of DNA synthesis 
is measured because some chemotherapeutics inhibit DNA 55 
synthesis and further, it is a cytotoxicity assay which cor- 
relates closely with the reproductive survivability of cells in 
culture. Cytotoxicity, or the disruption of normal cellular 
metabolic processes, may not always directly correlate with 
cell survivability. Therefore, assessment of colony formation 60 
will directly measure the ability of the experimental agents 
to decrease the survivability of tumor cells, which closely 
correlates with the .impact of therapeutic agents on tumor 
viability in vivo. Controls include performing the same 
assay using the unconjugated form of the active agent and 65 
the unconjugated form of the ST receptor ligand of which 
the conjugated compound is comprised in place of the 



conjugated compound. The results obtained in the test assays 
and control assays are compared. 

Conjugated compounds are assessed for their ability to 
inhibit protein and DNA synthesis in vitro and to inhibit 
survival and proliferation by measuring colony formation in 
monolayer culture by established protocols (Wilson, A. P. 
(1987) "Cytotoxicity and viability assays". Animal Cell 
Culture: A Practical Approach. Freshney, R. I., ed. pp. 
183-216, IRL Press, Oxford, which is incorporated herein 
by reference). 

To assess the ability of a conjugated compound to inhibit 
protein synthesis in vitro, cells are plated in 200 ^il of 
medium at a sub-confluent density of 1-2x10^ and allowed 
to attach to form a dividing cell monolayer over 12 hours at 
37° C. Subsequently, the media is replaced with 200 |al of 
fresh media containing the appropriate concentration of 
conjugated compounds and cells incubated at 37° C. for 
various amounts of time. At the end of the indicated incu- 
bation period, cells is washed twice with medium and 
incubated at 37° C. in 0.5 ml of methionine-free medium 
supplemented with 0.5 nCi of L^^S-methionine (800 
Ci/mmol). After incubation for another 2 hours at 37° C, the 
medium is aspirated, cells washed twice with medium 
containing 1 mg/ml of methionine, and then precipitated in 
12% ice-cold TCA. Radioactivity recovered in TCA pre- 
cipitates by centrifiigation is quantified by liquid scintilla- 
tion spectroscopy. In these studies, cells are maintained in 
log growth and assays are performed using triplicate wells. 
Data is expressed as a percentage of protein synthesis 
observed in the presence of experimental agents compared 
to untreated cells. 

To assess the ability of a conjugated compound to inhibit 
DNA synthesis in vitro cells are plated as a subconfluent 
monolayer and incubated with experimental agents as 
described above. At the end of the incubation period, cells 
are washed twice and incubated at 37° C. in medium 
containing 2.5 ^iCi of ^H-thymidine (5 Ci/mmol). After 
incubation for another hour, cells are processed with TCA, 
precipitates recovered, and radioactivity quantified as 
described above. As above, cells are maintained in log 
growth and assays is performed in triplicate. Data is 
expressed as a percentage of DNA synthesis observed in the 
presence of experimental agents compared to untreated 
cells. 

To assess the ability of a conjugated compound to inhibit 
survival and proliferation by measuring colony formation in 
monolayer culture, cells are plated as a sub-confluent mono- 
layer on 25 cm^ flasks and allowed to attach as described 
above. The medium is replaced with that containing various 
concentrations of experimental agents and incubated with 
cells for various amounts of time. At the end of the incu- 
bation, cells are recovered as a single cell suspension by 
trypsinization and replated to a density which will yield 
100- 200 colonies per 6 cm plate. Cells are permitted to 
grow for 7 days, then fixed in methanol, stained with 1% 
crystal violet, and the number of colonies quantified. Assays 
are performed in duphcate and data is expressed as a 
percentage of colony formation observed in the presence of 
experimental agents compared to untreated cells. Results in 
our laboratory have demonstrated that T84 cells can be 
placed into single cell suspensions utiUzing trypsin (10 
Hg/ml) with a plating efficiency of 40% and a doubling time 
of 18 hours. 

Example 7 

Radioactive iodine such as '^I, '^I, I and '^^I, can be 
added to an ST receptor binding peptide such as an ST 
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peptide using a standard protocol well-known to those 
having ordinary skill in the art (Thompson, M. et al. (1985) 
Analytical Biochemistry 148:26, which is incorporated 
herein by reference). Radioactive iodine is conjugated 
direcfly to an ST peptide such as SEQ ID N0:2, SEQ ID 5 
NO:3 or SEQ ID N0:5 at tyrosine-5, tyrosine-4 or tyrosine- 
5, respectively. 

Briefly, the ST peptide is produced in bacteria. For 
example, E. coli strain 431 is grown in culture and secretes 
ST into this culture. The culture media is then purified using 
routine techniques. ST can also be made by solid-phase 
synthesis as has been done previously, using standard tech- 
niques. (Dreyfus, L., et al. (1983) Infec. Immun. 42:539, 
wMch is incorporated herein by reference. 

Ten micrograms of ST peptide are reacted with 2 nrilli- 
Curies of radioactive INa (Amersham Corporation, Massa- 
chusetts) in the presence of lodobeads (Bio Rad Laborato- 
ries, California) and beta-D-glucose. These are reacted for 
30 min after which the products are subjected to chroma- 
tography on a Sepak reversed-phase cartridge (Millipore ^ 
Corp., Massachusetts) followed by separation on a 
Cigreversed-phase column by HPLC using a 20- 25% 
acetonitrile gradient. Conjugated compositions which com- 
prise SEQ ID NO:2, SEQ ID NO:3 or SEQ ID N0:5 with the 
radioiodine attached to tyrosine-4 elutes at 45 min. These ^ 
molecules retain full biochemical and pharmacological 
activity. 

Example 8 

30 

'^I is conjugated directly to an ST peptide such as SEQ 
ID NO: 13 at tyrosine-4. 

SEQ ID NO: 13 is produced by solid-phase synthesis as 
described above. Ten micrograms of SEQ ID NO: 13 are 
reacted with 2 milliCuries of '^INa (Amersham Corpora- 35 
tion, Massachusetts) in the presence of lodobeads (Bio Rad 
Laboratories, California) and beta-D-glucose. These are 
reacted for 30 min after which the products are subjected to 
chromatography on a Sepak reversed-phase cartridge (Mil- 
lipore Corp., Massachusetts) followed by separation on a 40 
Cigreversed-phase column by HPLC using a 20- 25% 
acetonitrile gradient. "'I-SEQ ID NO: 13 conjugate with the 
radioiodine attached to tyrosine-4 elutes at 45 min. This 
molecule retains full biochemical and pharmacological 
activity. 45 

Dosing of radioiodine for diagnostic imaging typically 
requires about 4 milliCuries/patient (Steinstraber, A., et al. 
(1988) / Nucl. Med. 29:875; Wessels, B. W. and Rogus, R. 
D. (1984) Med. Phys. 11:638; Kwok, C. S., et al. (1985) 
Med. Phys. 12:405). For proteins labeled writh a specific 
activity of 2,000 Curies/mmol, such as ST peptide, this 
would require about 10 micrograms of labeled peptide 
injected intravenously per patient for diagnostic imaging. 

Example 9 55 

'^^I is conjugated directly to an ST peptide such as SEQ 
ID NO: 13 at tyrosine-4. 

SEQ ID NO: 13 is produced by solid-phase synthesis as 
described above. Ten micrograms of SEQ ID NO: 13 are 60 
reacted with 10 milliCuries of '^'iNa (Amersham Corpora- 
tion, Massachusetts) in the presence of lodobeads (Bio Rad 
Laboratories, California) and beta-D-glucose. These are 
reacted for 30 min after which the products are subjected to 
chromatography on a Sepak reversed-phase cartridge (Mil- 65 
lipore Corp., Massachusetts) followed by separation on a 
Cjgreversed-phase column by HPLC using a 20- 25% 



acetonitrile gradient. "^I-SEQ ID N0:13 conjugate with the 
radioiodine attached to tyrosine-4 elutes at 45 min. This 
molecule retains full biochemical and pharmacological 
activity. 

Typically, for radioiodinated antibodies (MW=I60,000 
Da), about 150 nanomoles of protein (24 milligrams) labeled 
with a specific activity of 10,000 Curies/mmol are required 
per gram of tumor per patient (Humm, J. L. (1986) J. Nucl. 
Med. 27:1490). Thus, for proteins labeled with a specific 
activity of 2,000 Curies/mmol, with a molecular weight of 
2,000 Da, such as ST peptide, about 3 milligrams would be 
required per gram of tumor per patient for intravenous 
inAision. 

Example 10 

In some embodiments, coupling of ST receptor ligands 
which have a free amino group, particularly ST receptor 
binding peptides such as ST peptides, and active agents with 
a free amino group such as protein-based toxins is per- 
formed by introducing a disulfide bridge between the 2 
molecules. This strategy is particularly useful to conjugate 
ST peptides since ttie free amino terminal has been shown to 
be useful as a point of conjugation without affecting ST 
binding activity. This strategy is particularly useful to con- 
jugate protein-based toxins sirice the free amino terminal is 
available on such molecules and for some conjugated com- 
pounds, most notably RTA conjugates, a disulfide bride 
which can be reduced to yield separate proteins has been 
demonstrated to be important in the construction of func- 
tional chimeras targeted by monoclonal antibodies (Mager- 
stadt, M. (1991) Antibody Conjugates And Malignant Dis- 
ease. CRC Press, Boca Raton; Bjom, M. J., et al. (1985) 
Cancer Res. 45:1214; Bjom, M. J., et al. (1986) Cancer Res. 
46:3262; Masuho, Y., et al. (1982) J. Biochem. 91:1583, 
which are each incoiporated herein by reference). While 
some toxins may be coupled to ST peptides using crosslink- 
ing agents which do not result in a reducible disulfide bridge 
between the individual components but retain fimctional 
cytotoxicity, ricin A chain toxin requires a reducible disul- 
fide for cytotoxicity while Pseudomonas exotoxin, for 
example, does not. 

Disulfide coupling is achieved using established proce- 
dures employing the heterobifvmctional agent N-succinim- 
idyl-3 (2-pyridyldithio)-proportionate (SPDP, Pharmacia- 
LKB, Piscataway, N.J.) (Magerstadt, M. (1991) Antibody 
Conjugates And Malignant Disease, CRC Press, Boca 
Raton; Cawley, D. B. et al. (1980) Cell 22:563; Cumber, A. 
J., et al. (1985) Meth. Enz. 112:20; Gros, O., et al. (1985) / 
Immunol. Meth. 81:283; Worrell, N. R., im6) Anti-Cancer 
Drug Design 1:19; Thorpe, P. E., et al. (1987) Cancer Res. 
4:5924, which are incorporated herein by reference). 

In some embodiments, toxins including the A chains of 
deglycosylated ricin toxin (RTA; Sigma Chemical Co., St. 
Louis, Mo.), diphtheria toxin A (DTA; Calbiochem, La Jolla, 
Calif.) and Pseudomonas exotoxin (PEA) are conjugated to 
ST peptides to produce conjugated compositions according 
to the present invention using this procedure. Deglycosy- 
lated RTA is employed since the glycosylated form of this 
toxin exhibits non-specific binding to liver cells. DTA is 
prepared from diphtheria toxin by an established procedure 
(Michel, A. and Drykx, J. (1975) Biochem. Biophys. Acta 
365: 15; Cumber, A. J., et al. (1 985) Meth. Enz. 1 1 2:207, both 
of which are incorporated herein by reference). PEA 

In some embodiments, ST peptides are conjugated to 
toxins by this procedure. For example, the ST peptide SEQ 
ID NO:3 which is produced as described above (see Drey- 
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fus, L., et al. (1983) Infec. Immun. 42:539, wMch is incor- 
porated herein by reference). 

Toxins are prepared for coupling by reduction with O.IM 
dithiothreitol (DTT) for 4 hours at room temperature in 
0.4M Tris-HCl, pH 8.0 and 1 mM EDTA. Reduced toxins 5 
are desalted on a Sephadex G-25 column equilibrated inTES 
buffer and mixed with a 2-fold molar excess of ST-PDP. 
Reactions are adjusted to pH 8.0 with TES and incubated at 
4° C. for 36 hours. ST peptide-toxin conjugates are purified 
from unreacted products and homopolymers of ST peptides ^ 
and toxins by gel filtration on Sephadex G-75 in 20 mM 
TES, pH 8.0 containing O.IM NaCl. Chromatographic frac- 
tions are monitored by SDS-PAGE on 10% polyacrylamide 
gels under non-reducing conditions for the presence of 1:1 
conjugates of ST peptides and toxins. Also, these conjugates 
are analyzed by 10% SDS-PAGE under reducing conditions, 
to insure that ST and cytoioxins are coupled by a reducible 
disulfide bond. Molar concentrations of the conjugate are 
calculated by quantifying radioactivity in these samples. 

ST trace labeled with '^I on tyrosine 4 (10 Ci/mmol) is 
used in order to follow the conjugate through various 
separation and chromatographic steps and to enable us to 
calculate the molar ratio of ST to cytotoxin in the final 
purified conjugate. ST trace labeled with ^^I is derivatized 
by incubating 1 mg/ml with a 5-fold molar excess of SPDP ^5 
for 30 min at room temperature in Na phosphate buffer, pH 
7.4. The ST-pyridylthiopropionate (ST-PDP) conjugate is 
purified from unreacted crosslinking agent by chromatog- 
raphy on Sephadex G-25 equilibrated with 20 mM N-Tr- 
is(hydroxymethyl)-methyl-2-aminoethane sulfonic acid 
(TES) buffer, pH 7.4. Preservation of receptor binding of 
conjugated ST peptides in human intestinal membranes is 
determined in competition assays of increasing concentra- 
tions of ST-PDP and '^I-ST (5xlO*°M), to insure that this 
process does not destroy the function of the ST receptor 
ligand. 

The above couphng protocol has several advantages for 
conjugating the various toxins. First, it introduces a reduc- 
ible disulfide bridge into the conjugated composition, impor- 
tant for RTA cytotoxicity. Also, this technique avoids the 40 
exposure of ST peptide to quantitative reduction with DTT 
which could intermpt its 3 intiachain disulfide bonds impor- 
tant for receptor binding activity. In addition, there is a 
single group available at the amino terminal of ST peptide 
for derivatization with SPDP and previous experiments have 45 
demonstrated that derivatization of that group preserves the 
binding properties of the ligand. Therefore, other configu- 
rations for conjugation which could result in inactivation of 
ST are not possible. Furthermore, PEA requires preactiva- 
tion with DTT to achieve optimum cytotoxicity which will 50 
be accomplished utilizing the above protocol. 

To produce a functional conjugated compound that com- 
prises a toxin, it is essential that the receptor binding and 
enzyme activities of the moieties are preserved throughout 
the process of conjugation. Therefore, once such conjugate 55 
compounds are obtained, they are tested for the preservation 
of those functions. ST receptor binding activity of conju- 
gated compounds is examined in competitive binding 
assays, as described above. In these smdies, increasing 
concentrations of the conjugated compounds are incubated 60 
with a constant concentration (5xlO'°M) of '^I-ST and 
intestinal membranes (50-100 jig of protein) to achieve 
equilibrium. Parallel incubations contain excess (5xlO''M) 
unlabeled ST to assess non-specific binding. The concen- 
tration-dependent competitive displacement of radiolabeled 65 
ST by conjugated compounds is compared to the competi- 
tive displacement achieved by native ST. Displacement 
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curves are employed to estimate the affinity of each conju- 
gated compound (Kq) and compare that to the aflinity of 
native ST measured by this technique. Control stodies 
include evaluating the ability of unconjugated toxins to 
compete with native ST for receptor binding. These studies 
establish that the binding function of ST in the conjugated 
construct is preserved. 

Preservation of toxin activity in conjugated compounds is 
also assessed. PEA and DTA induce toxicity by catalyzing 
the NAD-dependent ADP-ribosylation of elongation factor 2 
(EF2), inhibiting protein synthesis. ADP-ribosyl transferase 
activity is assessed using an established assay (Chung, D. W. 
and Collier, R. J. Infect. Immun. 16:832; Fitzgerald, D. J. P. 
(1987) Meth. Enz. 151:139, which are both incorporated 
herein by reference). Reactions are conducted in 30 Mm 
Tris-HCl, pH 8.2 containing 40 mM DTT, 50 mCi '"C- 
NAD, and 20 nl of rabbit reticulocyte lysate containing 
elongation factor 2 (EF-2; Promega, Madison, Wis.) in a 
total volume of 500 ^1. Reactions are initiated by the 
addition of lysate, incubated for 30 minutes at 37° C, and 
terminated by the addition of ice-cold 12% TCA. Radioac- 
tivity in protein precipitates collected fay centrifugation is 
quantified by liquid scintillation spectroscopy. The ability of 
the conjugated compounds that comprise DTA or PEA to 
catalyze the transfer of labeled ADP-ribose to EF-2 is 
compared to that catalyzed by similar quantities of uncon- 
jugated toxins. Control experiments include examining the 
ability of unconjugated toxins or ST to catalyze ADP-ribose 
transfer and the effects of ST on the enzymatic activity of 
unconjugated cytotoxins. 

RTA inhibits protein synthesis by catalytically inactivat- 
ing the 608 ribosomal subunit. The catalytic activity of 
conjugated compounds that comprise RTA is assessed by its 
ability to inhibit protein synthesis in cell-free assays using 
established procedures (Leonard, J. E. et al. (1985) Cancer 
Res. 45:5263 which is incorporated herein by reference). 
Assays contain 35 pi of nuclease-treated rabbit reticulocyte 
lysates, 1 |il of 1 mM mixed amino acids deficient in 
methionine, 2 jil of Brome mosaic RNA (Promega, Madison, 
Wis.) at 0.5 jig/pl, 7 (il of sterile water or conjugate solution, 
and 5 pCi of ^^S-methionine in a total volume of 50 |il. 
Reactions will be initiated by the addition of lysate, incu- 
bated at 30° C. for 30 minutes, and terminated by the use of 
addition of 12% TCA. Radioactivity in protein precipitates 
collected by centrifugation is quantified by liquid scintilla- 
tion spectroscopy. Control experiments include examining 
the ability of unconjugated RTA or ST peptide to inhibit 
cell-fiee protein synthesis and the effects of ST peptide on 
the inhibitory activity of the unconjugated cytotoxin. 



Example 11 

Methotrexate is linked to SEQ ID NO: 12 by the homo- 
bifunctional crosslinker succinimidyl esters willi long chain 
carbon spacers such as disuccinimidyl suberate (Pierce, DL). 
SEQ ID NO: 12 is incubated in the presence of the chemical 
crosslinking agent and methotrexate in equimolar quantities 
at room temperature for 15-30 min. Incubation is terminated 
by separating the reactants by gel permeation chromatogra- 
phy by HPLC. This technique separates the methotrexate/ 
SEQ ID NO: 12 conjugates from free drug, free ST peptide, 
drug-drug conjugates and ST peptide-ST peptide conjugates. 
Homogeneous preparations of SEQ ID NO:12-methotrexate 
conjugates coupled through their free amino groups and with 
a preferred molar ratio of 1:1 are obtained. Complexing the 
free amino group of ST preserves receptor binding function. 
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Example 12 

"*In is coupled to SEQ ID NO:37 with functional amino 
groups using a chelator. The ST peptide has a free amino 
function at the amino terminal which may be modified 
without altering the ST receptor binding activity of the ST 
peptide, '"in is rapidly and potently chelated by either 
EDTA (ethylenediaminetetraacetic acid) or DTPA (diethyl- 
enetriaminepetaacetic acid). DTPA is preferred over EDTA 
because the latter may be more unstable in vivo. The 
"^In-DTPA is converted to a mixed N-hydroxysuccinimide 
ester which is reactive with free amino groups, mixed with 
ST, and the reaction products, including '"In-SEQ ID 
NO:37 separated by HPLC (Bremer, K. H. and Schwarz, A. 
(1987) m Safety And Efficacy Of Radiopharmaceuticals. 
Kristensen, K. and Norbygaard, E., Eds. Martinius Nijhoff, 
Dordrecht, The Netherlands, P. 43; Krejcarek, G. E., and 
Tucker, K. L. (1977) Biochem. Biophys. Res. Commun. 
7T.52V, Paxton, R. J., et al. (1985) Cancer Res. 45:5694; 
Richardson, A. R, et al. (1986) NucL Med. Biol. 14:569, 
which are each incorporated herein by reference). 

Example 13 

''"Tc can be conjugated to SEQ ID NO:46 using an 
approach which is similar to that for indium. Thus, techne- 
tium can be chelated by DTPA which is converted to an 
anhydride, such as N-hydroxysuccinimide anhydride, and 
reacted with SEQ ID NO:46. The ST-technetium conjugate 
can then be separated using HPLC (Magerstadt, M. (1991) 
Antibody Conjugates And MaUgnant Disease CRC Press, 
Boca Raton; Eckebnan, W. C. and Paik. C. H. (1986) Nucl. 
Med. Biol. 14:569) 

Example 14 

Diphtheria toxin A chain (DTA) is prepared from native 
diphtheria toxin by standard techniques. SEQ ID NO:22 is 
coupled to N-succinimidyl-3(2-pyridyldithio)-propionate 
(SPDP, Phaimacia-LKB, Piscataway, N.J.) and the SEQ ID 
NO:22-PDP conjugate is purified by HPLC by established 
procedures. DTA is reduced with dithiothreitol and incu- 
bated with SEQ ID NO:22-PDR DTA-SEQ JD NO:22 is 
purified after conjugation usmg HPLC. 

Example 15 

Pseudomonas Exotoxin is prepared from native sources 
by standard techniques. SEQ ID NO:54 is coupled to N-suc- 
cinimidyl-3(2-pyridyldithio)-propionate (SPDP, Phannada- 
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LKB, Piscataway, N.J.) and the SEQ ID NO:54-PDP con- 
jugate is purified by HPLC by established procedures. 
Pseudomonas Exotoxin is reduced with dithiothreitol and 
incubated with SEQ ID NO:54-PDP. Pseudomonas Exo- 
toxin-SEQ ID NO:54 is purified after conjugation using 
HPLC. 



10 Example 16 

Doxombicm is linked to SEQ ID NO:54 by the homobi- 
functional crosslinker succinimidyl esters with long chain 
carbon spacers such as disuccinimidyl suberate (Pierce, HI.). 
SEQ ID NO:54 is incubated in the presence of the chemical 
crosslinldng agent and doxorubicin in equimolar quantities 
at room temperature for 15-30 min. Incubation is terminated 
by separating the reactants by gel permeation chromatogra- 
20 phy by HPLC. This technique separates the doxorubicin/ 
SEQ ID NO:54 conjugates from free doxorubicin, free ST 
peptide, drug-drug conjugates and ST peptide-ST peptide 
conjugates. Homogeneous preparations of SEQ ID NO:54- 
doxorubicin conjugates coupled through their free amino 
groups and with a preferred molar ratio of 1:1 are obtained. 
Complexing the free amino group of ST preserves receptor 
binding function. 

30 

Example 17 

Daunombicin is linked to SEQ ID NO:32 by the homo- 
bifunctional crosslinker succinimidyl esters vnth long chain 

35 carbon spacers such as disuccinimidyl suberate (Pierce, 111.). 
SEQ ID NO:32 is incubated in the presence of the chemical 
crosslinldng agent and daunombicin in equimolar quantities 
at room temperature for 1 5-30 min. Incubation is terminated 
by separating the reactants by gel permeation chromatogra- 
phy by HPLC. This technique separates the daunorubicin/ 
SEQ ID NO:54 conjugates from free daunorubicin, free ST 
peptide, drug-drug conjugates and ST peptide-ST peptide 
conjugates. Homogeneous preparations of SEQ ID NO:54- 

45 daunorubicin conjugates coupled through tiieir free amino 
groups and with a preferred molar ratio of 1 : 1 are obtained. 
Complexing the ftee amino group of ST preserves receptor 
binding function. 



( 1 ) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 54 



) INFORMATION FOR SEQ ID 



{ i X )FEATURE: 
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i ) SEQUENCE DESCauraON: SEQ ro N0:1: 
C ACA TTT TAC TGC TOT 



2 ) INFORMATION FOR SEQ ID N0:2: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 19 amino acids 
( B ) TYKE: amino add 
(D)TOPOLOGY: linear 

( i i ) MOLECULE TYPE: prolciB 

( X 1 ) SEQUENCE Dl 



( i ) SEQUENCE CHARACTERIS-nCS: 
( A ) LENGTH: 18 amino adds 
( B ) TYPE: amino add 
(D )TOPOLOQY: linear 

( i i ) MOLECULE TYPE: peptide 

( X i ) SEQUENCE DESCRIPTION: SEQ IDN0:3: 

Asn Thr Phc Tyr Cys Cys Gin Leu Cys Cys Tyr Pro Ala Cys Ala Gly 
1 5 10 15 



) INFORMATION FOR SEQ ID N0:4: 

( i ) SEQUENCE CHARACTERISTICS: 
( A }L£NG113:S7 base pain 
( B ) TYPE: nucldc add 
( C ) STRANDEDNESS: double 
(D )TOPOLOGY;bolh 



) FEATURE: 

( A ) NAMEnCEY: CDS 
(B )LOCATION:1..57 

) SEQUENCE DESCRIPTION: SEQ ID NO:4: 

• AGC AAT TAC TGC TGT GAA TTG TGT TOT AAT CCT GCT TGT . 



CGO TGC TAT 



SEQ ID N0:5: 
SEQUENCE CHARACTERISTICS: 

( D ) TOPOLOGY linear 



( i i ) MOLECULE TYPE: protein 
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-continued 



( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:5: 
Sor Scr Asn Tyr Cys Cys GI 



G 1 y Cys Tyr 

( 2 ) INFORMATION FOR SEQ ID N0:6: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 15 amino acids 
( B ) TYPE: amiiio add 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( X i )-SEQUENCE DESCRIPTION: SEQ ID N0:6: 

Pro Asn Thr Cys GIu lie Cys Ala Tyr Ala Ala Cys Thr Gly Cy 
1 5 10 1 

( 2 ) INFORMATION FOR SEQ ID N0f7: 



( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:7: 

Asn Tbr Ptac Tyr Cys Cys Gin Leu Cys Cys Asn Pr 



( 2 ) INFORMATION FOR SEQ ID N( 

QUENCEC 

( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

) MOLECULE TYPE: pepUdc 

) SEQUENCE DESCRIPTION; SEQ ID N0:8: 

Phe Tyr Cys Cys GIu Leu Cys Cy 



FOR SEQ ID N0:9: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 16 amino adds 
( B ) TYPE: amino acid 



) SEQUENCE DESCRIPTION: SEQ ID N0:9: 
Tyr Cys Cys GIu Leu Cys Cy 



) INFORMATION FOR SEQ ID N0:10: 

( i ) SEQUENCE CHARACIERISUCS: 
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( X i ) SEQUENCE DESCRIFnON:SEQ ID NO: 10: 

Pbc Tyr Cys Cys Glu Lcn Cys C 
I 5 

( 2 ) INFORMATION FOR SEQ ID N0:11: 

QUENC3E CHARACTE 
( A ) LENGIU: 14 
( B )TYPE: amino 
(D)TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pcpUdc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:11: 

Tyr Cys Cys Gla Leu Cys Cys 
1 5 

( 2 ) LNFORMATION FOR SEQ ID N0:12: 



( i i ) MOLECULE TYPE: pepiido 
( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:12: 
Cys Cys Glu Leu Cys Cys Asn P 

( 2 ) INFORMATION FOR SEQ ID N0:13: 

( i ) SEQUENCE CHARACTERISTICS: 

( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

( i i )MOLECUlJETYPE:i«pljile 

( X i ) SEQUENCE DESCRIPnON: SEQ ID N0:13: 



2 ) INFORMATION FOR SEQ ID NO: 14: 



( B ) TYPE: amino acid 
(D ) TOPOLOGY: linear 

) MOLECULE TYPE: pcpiidc 

) SEQUENCE DESCRIPTION: SEQ ID N0:I4: 

Tyr Cys Cys Glu Leu C 



SEQ ID N0:15: 
SEQUENCE CHARACTERISTICS: 



( i i ) MOLECULE TYPE pcpudc 
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) SEQUENCE DESCRIPTION: SEQ ID 



( 2 ) INFORMATION FOR SEQ 

( i ) SEQUENCE 

(D)TOPOLOGY: linear 
( i i ) MOLECULE TYPE: peptide 
( X i ) SEQUENCE DESCRIPTION: SEQ m N0:16: 
Tyr Cys Cys Glu Leu Cya Cys / 



2 ) INFORMATION FOR SEQ ID N0;17: 



( B ) TYPE: amino ac 
( D ) TOPOLOGY: lii 



i ) MOLECULE TYPE: peptide 

i ) SEQUENCE DESCRIPTION: SEQ ID N0:17: 



Cys Cys 01 u Le 
I 



( 2 ) INFORMATION FOR SEQ ID N0:18: 



( D ) TOPOLOGY: linear 



2 ) INFORMATION FOR SEQ ID 



) TOPOLOGY: linear 



( » i ) SEQUENCE DESCRIPTION: SEQ ID N0:19: 

Thr Phc Tyr Cys Cys Glu Leu C 
1 S 

( 2 ) INFORMATION FOR SEQ ID NO:20: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 15 amino acids 
( B ) TYPE: amino acid 
(D )T0POLOGY: linear 

( i i ) MOLECULE TYPE: pcpUde 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:20: 

Phc Tyr Cys Cys Glu Lett Cys C 



5,518,888 

57 

-continued 



( 2 ) INFORMATION FOR SEQ ID N0:21: 

C i ) SEQUENCE CHARACTERISTICS: 



) SEQUENCE DESCRIFnON: SEQ ID N0:2I: 



( 2 ) INFORMATION FOR SEQ ID NO:22: 

( i ) SEQUENCE CHAKACTEWSnCS: 
( A )LENCini: 13 raimo adds 
( B ) TYPE: amino acid 
(D )T0POL0GY: linear 

( i i ) MOLECULE TYPE: pcpUdc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:22: 



( 2 ) INFORMATION FOR SEQ ID NO:23: 

IQUENCE 

( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

) MOLECULE TYPE: peplidc 

) SEQUENCE DESCRIPTION: SEQ ID NO:23: 

Tyr Cys Cys Gin Leu C 



( 2 ) INFORMATION FOR SEQ ID NO:24: 



CHARACTERISTICS: 
( A )LENCim: 16 amino acids 

(D)TOPOLOGY: linear 



( X i ) SEQUavCE DESCRIPTION: SEQ ID NO:24: 
Tyr Cys Cys Glu Leu Cys Cys 



( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:25: 
Cys Cys Gin Leu Cys Cys Ty 
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-continued 



( 2 ) INFORMATION FOR SEQ ID NO:26: 



( D ) TOPOLOGY: linear 
) MOLECULE TYPE: pcplidc 
) SEQUENCE DESCRIPTION: SEQ ID NO:26: 
Glu Leu Cys Cys Tyr : 



( 2 ) INFORMATION FOR SEQ BC 



£ TYPE: peptide 
) SEQUENCE DESCRIPTION: SEQ ID NO:27: 



2 ) INFORMATION FOR SBQ ID NO:28: 

( i ) SEQUENCE CHARACTERISTTCS: 
( A ) LENGTH: 17 amino adds 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: Uncar 

( i i ) MOLECULE TYPE: pepUde 

( X i ) SEQUENCE DESCRIPTION: SEQ VD NO:28: 

cr Scr Asn Tyr Cys Cys Glu Lc 



) INFORMATION FOR SEQ ID NO:29: 



( B ) TYPE: amino add 
(D)TOPOLOGY: linear 



) MOLECULE TYPE: peptide 

) SEQUENCE DESCRIPTION: SEQ ID NO:29: 



) INFORMATION FOR SEQ ID NO:30: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 15 amino adds 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pcpUdc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:30: 



( 2 ) INFORMATION FOR SEQ ID N0:31: 
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i ) SEQUENCE DESCRIPTION: SEQ ID N0:31: 



) INFORMATION FOR SEQ E) NO:32: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 13 amino acids 
( B ) TYPE: amino add 
(D )TOPOLOGY: linear 

( i i )MOIJBCULET¥FE:ixsptide 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:3Z: 

s Cys Glu Lou Cys Cys Asn Pro Ala Cys T h r Gly Cys 
1 5 10 

, ) INFORMATION FOR SEQ ID NO:33: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 18 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( X i ) SEQUENCE DESCRIPTION: SEQ IDNO:33: 



( 2 ) INFORMAnON FOR SEQ ID NO:34: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 17 amino acids 




C i i ) MOUECULE TYPE: pepUdc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:34: 

Scr Asn Tyr Cys Cys Glu Leu Cys Cys Asn Pro Ala Cys Thr Gly Cys 
1 5 10 15 



) INFORMATION FOR SEQ ID N( 



) SEQUENCE DESCRIPTION: SEQ ID NO:35: 



( 2 ) INFORMATION FOR SEQ ID NO:36: 
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-continued 



( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENC5TH: 15 amino »ddj 
(B)TYFE: amino acid 
(D )T0POLOGY: linear 



( i i )M( 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:36: 



) INFORMATION FOR SEQ ID NO:37: 

( i ) SEQUENCE CHARACTERISTICS: 

( B ) TYPE; amino add 
( D ) TOPOLOGY: linear 

( i 1 ) MOLECULE TYPE; pcpUdc 

( I i ) SEQUENCE DESCRIPTION: SEQ ID NO:37: 

s Cys Gltt Len Cys Cys Asn I 



( 2 ) INFORMATION FOR SEQ ID NO:38: 

( i ) SEQUENCE CHARACIERISnCS: 
( A ) LENGTH: 18 amino adds 
( B ) TYPE: amino add 
( D )T0POL0GY: linear 



) SEQUENCE DESCRIPTION: SEQ ID N0:38: 
Pho Tyr Cys Cys Qlu Leu Cys Cy 



2 ) INFORMATION FOR SEQ ID N0:39: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 18 amino adds 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 



X i ) SEQUENCE DESCRIPTION: SEQ ID 



( 2 ) INFORMATION FOR SEQ ID N0:40: 



( D ) TOPOLOGY: linear 
:XTYPE:pcplide 
) SEQUENCE DESCRIPTION: SEQ ID NO:40: 
Phe Tyr Cys Cys Gin 1 



( 2 ) INFORMATION FOR SEQ ID N0:41: 
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) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 17 amino acids 
( B ) TYPE: amino acid 



) SEQUENCE DESCRIPTION: SEQ ID N0:4I: 
Phc Tyr Cys Cys Glu 1 



( 2 ) INFORMATION FOR SEQ ID NO:42: 

( i ) SEQUENCE CHARACraRISnCS: 
( A ) LENGTH: 13 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pcpfidc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:42: 

Tyr Cys Cys Glu Leu Cys Cys / 



) MOLECULE TYPE: popUdc 

) SEQUENCE DESCRIPTION: SEQ ID NO:43: 



2 ) INFORMATION FOR SEQ ID NO:44: 

( i ) SEQUENCE CHARACTERISTICS: 



) SEQUENCE DESCRIPTION: SEQ ID NO:44: 
Glu Leu Cys Cys Asn I 



) INFORMATION FOR SEQ ID NO:45: 

( i ) SEQUENCE CHARACTERISTICS: 



( i i ) MOLECULE TYPE: ixplidc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:45: 



( 2 ) INFORMATION FOR SEQ ID NO:46: 
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(B ) TYPE: ammo acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pqilide 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:«: 

Gin Ala Cys Asp Pro Pro Scr Pro Pro Ala Glu Val Cys Cys Asp Val 
1 5 10 15 

Cys Cys AsnPro Ala Cys Ala Gly Cys 
2 0 2 5 



( 2 ) INFORMATION FOR SEQ ID NO:47: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 16 amino adds 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pcplidc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:47: 

lie Asp Cys Cys lie Cys Cys Asn Pro Ala Cys Pie Gly Cys Lou Asn 
1 S 10 IS 



( 2 ) INFORMATION FOR SEQ ID NO:48: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 18 amino adds 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: pcpudc 

( X i ) SEQUENCE DESCRIPTION: SEQ ID N0:4S: 

Ser Scr Asp Trp Asp Cys Cys Asp Val Cys Cys Asn Pro Ala Cys Ala 
1 5 10 IS 



( 2 ) INFORMATION FOR SEQ ID NO:49: 



( D ) TOPOLOGY: lir 



) SEQUENCE DESCRIPTION: SEQ ID NO:49: 



i ) SEQUENCE CHARACTBRISnCS: 
( A ) LENGTH: 13 amino adds 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 



( X i ) SEQUENCE DESCRIPTION: SEQ ID NO:50: 



( 2 ) INFORMATION FOR SEQ ID N0:51: 
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) SEQUENCE DESCRIPTION: SEQ ID N0:31: 



) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 14 amiso acids 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

) MOLECUIi TYPE: peptide 

) SEQUENCE DESCRIPTION: SEQ ID NO:52: 



( 2 ) INFORMATION FOR SEQ ID NO:53: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGIH: 14 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: Unear 



i ) SEQUENCE DESCRIPTION: SEQ ID NO:53: 



( 2 ) INFORMATION FOR SEQ ID NO:54: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: IS amino adds 
( B ) TYPE: amino add 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( X i ) SEQUENCE DESCRIPTION: SEQ ED NO:54; 

Pro Gly Thr Cys Gin lie Cys i 
1 3 



1. A method of imaging metastasized colorectal cancer 
cells in an individual comprising the steps of: 

a) administering into the circulatory system of said indi- 
vidual, a diagnostically effective amount of a pharma- 
ceutical composition comprising: 

i) a pharmaceutically acceptable carrier or diluent, and, 

ii) a conjugated compound comprising: 

1) a ST receptor binding moiety; and, 

2) an active moiety; 

wherein said ST receptor binding moiety is a heat stable 
(ST) toxin peptide having less than 25 amino acids or 
fragments or derivatives thereof, wherein said heat 
stable toxin, fragments or derivatives thereof specifi- 
cally bind to the ST receptor, and said active moiety is es 
an imaging agent which can be detected in said indi- 
vidual's body; and 



b) detecting localization and accumulation of said imag- 
ing agent in said individual's body. 

2. The method of claim 1 wherein said pharmaceutical 
composition is administered to said individual intrave- 
nously. 

3. A method of claim 1 wherein said imaging agent is 
radioactive. 

4. The method of claim 3 wherein said ST receptor 
binding moiety has 13-25 amino acids. 

5. The method of claim 3 wherein said ST receptor 
binding moiety is selected from the group consisting of: 
SEQ ID N0:2, SEQ ID N0:3, SEQ ID N0:5, SEQ ID N0:6 
and SEQ ID NO:54. 

6. The method of claim 3 wherein said active moiety is 
selected from the group consisting of: ''^K, ^^Fe, ^''Co, ^''Cu, 
■^'Ga, ^^Ga. ^''Br, ^'Rb/^'^Kr, ^™Si, '^^Tc, "'In, ^'^'^In, 

123j^ 125j^ 127cs_ 129^3^ 131j^ 132j_ 197fjg^ 203p[, 206gj 

7. The method of claim 3 wherein said active moiety is 
selected from the group consisting of: '''^Tc, '"in and '^^I. 



5,518,1 

71 

8. The method of claim 3 wherein said active moiety is 
selected from the group consisting of: radioactive iodine and 
radioactive indium. 

9. The method of claim 3 wherein said ST receptor 
binding moiety is selected ih)m the group consisting of: s 
SEQ ID N0:2, SEQ ID N0:3. SEQ ID N0:5, SEQ ID N0:6 
and SEQ ID NO:54. 

10. The method of claim 3 wherein said 

ST receptor binding moiety is selected from the group 
consisting of: SEQ ID NO:2, SEQ ID N0:3, SEQ ID "> 
N0:5, SEQ ID NO:6 and SEQ ID NO:54; and 

said active moiety is selected from the group consisting 
of: *'K, *¥e, ^Co, *'Cu, "Ga, *^Ga, "Br, ^^Rh/ 
«^Kr. "'^Sr, "'^Tc, "'In, "'^In, '^I, '^I, '='Cs, 
'^^'Cs, "'I, '=^1, '^^Hg, ^°^?h and ^'^Bi. 

11. The method of claim 3 wherein said 

ST receptor binding moiety is selected from the group 
consisting of: SEQ ID N0:2, SEQ ID N0:3, SEQ ID 
N0:5, SEQ ID NO:6 and SEQ ID NO:54; and ^ 

said active moiety is selected from the group consisting 
of: '^^Tc, "'In and '^1. 

12. The method of claim 3 wherein said pharmaceutical 
composition is administered in a dose of 0.1-100 millicur- 
ies. 25 

13. The method of claim 3 wherein said pharmaceutical 
composition is administered in a dose of 1-10 millicuries. 

14. The method of claim 3 wherein said pharmaceutical 
composition is administered in a dose of 2-5 millicuries. 

15. The method of claim 14 wherein said conjugated 30 
compound consists of '^I linked to SEQ ID NO: 13. 

16. The method of claim 3 wherein said conjugated 
compound consists of "'In linked to SEQ ID NO:37. 

17. The method of claim 3 wherein said conjugated 
compound consists of '®"Tb linked to SEQ ID NO:46. 
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18. A method of imaging metastasized colorectal cancer 
cells in an individual comprising the steps of: 

a) administering into said individual's circulatory system, 
a diagnostically effective amount of a pharmaceutical 
composition comprising: 

i) a pharmaceutically acceptable carrier or diluent, and, 

ii) a conjugated compound comprising: 

1) a ST receptor binding moiety; and, 

2) an active moiety; 

wherein said ST receptor binding moiety is a heat stable 
(ST) toxin peptide having less than 25 amino acids or 
fragments or derivatives thereof, wherein said heat 
stable toxin, fragments or derivatives thereof specifi- 
cally bind to the ST receptor, and said active moiety is 
an imaging agent which can be detected in said indi- 
vidual's body by radioscintigraphy, nuclear magnetic 
resonance imaging, computed tomography or positron 
emission tomography; and 

b) detecting localization and accumulation of said imag- 
ing agent in said individual's body by radioscintigra- 
phy, nuclear magnetic resonance imaging, computed 
tomography or positron emission tomography. 

19. The method of claim 18 wherein said pharmaceutical 
composition is administered to said individual intrave- 
nously. 

20. The method of claim 18 wherein said ST receptor 
binding moiety has 13-25 amino acids. 

21. The method of claim 18 wherein said ST receptor 
binding moiety is selected from the group consisting of: 
SEQ ID N0:2, SEQ ID N0:3, SEQ ID N0:5, SEQ ID NO:6 
and SEQ ID NO:54. 

22. A method of claim 18 wherein said imaging agent is 
detected by radioscintigraphy. 
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ABSTRACT Intestinal guanylate cyclase mediates the ac- 
tion of the heat-stable enterotoxin to cause a decrease in 
intestinal fluid absorption and to increase chloride secretioii, 
ultimately causing diarrhea. An endogenous ligand that acts on 
this guanylate cyclase has not previously been found. To search 
for a potential endogenous ligand, we utilized T84 cells, a 
human colon carcinoma-derived cell line, in culture as a 
bioassay . This cell line selectively responds to the toxin in a very 
sensitive manner with an increase in intraceUular cyclic GMP. 
In the present study, we describe the puriflcation and structure 
of a peptide from rat jejunum that activates this enzyme. This 
peptide, which we have termed guanylin, is composed of 15 
amino acids and has the following amino acid sequence, 
PNTCEICAYAACTGC, as determuied by automated Edman 
degradation sequence analysis and electrospray mass spec- 
trometry. Analysis of the amino acid sequence of this peptide 
reveals a high degree of homology with heat-sUble enterotox- 
ins. Solid-phase synthesis of this peptide conflrmed that it 
stimulates increases in T84 cyclic GMP levels. Guanylin re- 
quired oxidation for expression of bioactivity and subsequent 
reduction of the oxidized peptide eluninated the effect on cyclic 
GMP, indicating a requirement for cysteine disulfide bond 
formation. Synthetic guanylui also displaces heat-stable enter- 
otoxin binding to cultured T84 cells. Based on these data, we 
propose that guanylhi is an activator of intestinal guanylate 
cyclase and that it stimulates this enzyme through the same 
receptor binding region as the heat-stable enterotoxins. 



Guanylate cyclase is comprised of a group of proteins that 
share a common enzymatic function of producing cyclic GMP 
but differ quite remarkably in their selectivity toward acti- 
vation by ligands. The three major types of guanylate cyclase 
are the soluble, particulate, and intestinal [cytoskeletal- 
associated particulate or heat-stable enterotoxin (STa)- 
sensitive] forms and each is regulated by different ligands (1, 
2). Activation of the soluble guanylate cyclase occurs in 
response to nitric oxide, whereas activation of the particulate 
enzyme occurs in response to the natriuretic peptides (atrial 
natriuretic peptide, brain natriuretic peptide, and C-type 
natriuretic peptide) (1, 2). An endogenous activator of the 
intestinal guanylate cyclase has not previously been identi- 
fied. However, the STa from Escherichia coli is known to 
selectively activate this form of the enzyme (3, 4). The 
intestinal form is predominantly found in the intestinal epi- 
thelial cells with the largest number of receptors oriented 
toward the lumen (1, 2). Recently, it has been cloned and 
expressed from rat small intestinal mucosa (5). This enzyme 
is characterized by an extracellular receptor binding region, 
a transmembrane region, an intracellular protein kinase-like 
region, and a cyclase catalytic domain (5). 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 



Pathogenic strains of E. coli and other bacteria produce a 
family of heat-stable enterotoxins (STs) that activate intes- 
tinal guanylate cyclase. STs are acidic peptides that contain 
18 or 19 amino acids with six cysteines and three disulfide 
bridges that are required for full expression of bioactivity (6). 
The increase of intestinal epithelial cyclic GMP elicited by 
STs is thought to cause a decrease in water and sodium 
absorption and an increase in chloride secretion (7,8). These 
changes in intestinal fluid and electrolyte transport then act 
to cause secretory diarrhea. In developing countries, the 
diarrhea resulting from STs causes many deaths, particularly 
in the infant population (9). STs are also considered a major 
cause of traveler's diarrhea in developed countries (10). They 
have also been reported to be a leading cause of morbidity 
and death in domestic animals (11). 

In the present study, we designed a bioassay to search for 
a potential endogenous ligand that activates the intestinal 
guanylate cyclase. This bioassay is based on the demonstra- 
tion that T84 cells in culture respond to ST in a selective and 
sensitive manner with graded increases of intracellular cyclic 
GMP. This bioassay revealed that the intestine as well as the 
kidney possessed an active material. Purification of this 
material from the rat intestine was accomplished and the 
structure was determined to be a 15-amino acid peptide with 
4 cysteines that must be disulfide-linked for bioactivity. The 
peptide, termed guanylin, also possesses a high degree of 
homology with STs. 

MATERIALS AND METHODS 
Cell Culture. A cultured human colon carcinoma cell line 
(T84) was obtained from the American Type Culture Collec- 
tion at passage 52. Cells were grown to confluency in 24-well 
culture plates with a 1:1 mixture of Ham's F12 medium and 
Dulbecco's modified Eagle's medium (DMEM) supple- 
mented with 10% fetal calf serum, 100 international units of 
penicillin per ml, and 100 fxg of streptomycin per ml. Cells 
were used at passages 54-60. 

Cyclic GMP Determination. Monolayers of T84 cells in 
24-well plates were washed twice with 1 ml of DMEM per ml 
and then incubated at 37°C for 10 min with 0.5 ml of DMEM 
containing 1 mM isobutylmethylxanthine (IBMX), a cyclic 
nucleotide phosphodiesterase inhibitor. Agents and fractions 
were then added for the indicated time as described in 
Results. The media was then aspirated and the reaction was 
terminated by the addition of ice-cold 0.5 ml of 0.1 M HCl. 
Aliquots were then evaporated to dryness under nitrogen and 
resuspended in 5 mM sodium acetate buffer (pH 6.4). The 



Abbreviations: IBMX, isobutylmethylxanthine; TFA, trifluoroacetic 
acid; Cu, octadecasilyl; STa, heat-stable enterotoxin; ST, heat- 
stable enterotoxin; DTT, dithiothreitol; PTH, phenylthiohydantoin. 
+To whom reprint requests should be addressed at: Monsanto 

Company, Mail Zone T3P, 800 North Lindbergh Boulevard, St. 

Louis, MO 63167. 
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samples were subsequently measured for cyclic GMP by RIA 
as described by Steiner et al. (12). 

Purification of Guanylin. Rat jejunums flushed of luminal 
contents with SO ml of saline and immediately placed on dry 
ice were obtained from Bioproducts for Science (Indianap- 
olis). The jejunums were thawed, minced, and boiled for 10 
min in 1 M acetic acid. The extract was centrifuged at 20,000 
X g for 20 min at 4°C. The resulting supernatant was filtered 
and applied to an octadecasilyl (Cis) Sep-Pak (Waters). The 
column was washed with 10% acetonitrile/0.1% trifluoroace- 
tic acid (TFA)/H20 and eluted with 60% acetonitrile/0.1% 
TFA/H2O. The eluted peptide fraction was lyophUized and 
resuspended in 50 ml of distilled H2O containing 0.8% am- 
pholytes, pH range 3-10, and applied to a preparative iso- 
electric focusing cell (Rotofor, Bio-Rad). The sample was 
focused for 150 min at 12 W constant power. The fractions 
were harvested, pH determined, and bioassayed. The active 
fractions, which focused around pH 3.8, were then refocused 
under similar conditions and the resulting active fractions 
were lyophilized. The sample was then resuspended in 1 ml 
of 10% acetonitrile/0.1% TFA/H2O, applied to a Cig semi- 
preparative HPLC column (Vydac, Hesperia, CA), and 
eluted at a flow rate of 3 ml/min. The following gradient was 
used to fractionate the sample: 10% acetonitrile, 0.1% TFA 
to 30% acetonitrile, 0.1% TFA in 180 min. The active fraction 
was then determined by bioassay and lyophilized. This 
sample was resuspended in 1 ml of 10% acetonitrile/0.1% 
TFA/H2O and applied to a phenyl analytical HPLC column 
(Vydac, Hesperia, CA). The conditions for elation were 
similar to that described above for the semipreparative col- 
umn except the flow was 1 ml/min. The active fraction was 
lyophilized and then resuspended in 1 ml of 10% acetonitrile/ 
0.1% TFA/H2O. The sample was then applied to a Cn 
analytical HPLC column (Vydac) and eluted according to the 
above description for the phenyl column. The active fraction 
was identified by bioassay and lyophilized. The sample was 
reconstituted in 1 ml of 10% acetonitrile/0.1% TFA/HjO, 
reapplied to the analytical Cig column, and eluted by a 
gradient of 10% acetonitrile/10 mM ammonium acetate/H20, 
pH 6.2, to 30% acetonitrile/10 ammonium acetate/H20, 
pH 6.2, in 180 min. The active fraction was lyophilized and 
reconstituted in 0.05 ml of 0.1% TFA/H2O. The sample was 
then applied to a Cg microbore column and eluted by an 
increasing gradient of 0.33%/min of acetonitrile/0.1% TFA/ 
H2O. Two separate batches of purified peptide were then 
subjected to sequence analysis. 

N-Terminal Protein Sequence Analysis. Automated Edman 
degradation chemistry was used to determine the NH2- 
terminal protein sequence. An Applied Biosy stems model 
470A gas-phase sequencer was employed for the degrada- 
tions (13) using the standard sequencer cycle 03RPTH. The 
respective phenylthiohydantoin (PTH) amino acid deriva- 
tives were identified by reverse-phase HPLC analysis in an 
on-line fashion employing an Applied Biosystems model 
120A PTH analyzer fitted with a Brownlee 2.1-mm i.d. PTH 
Cig column. On-sequencer pyridylethylation was performed 
as outlined by Kruft et al. (14). The PTH derivative of 
pyridylethylcysteine was identified by HPLC as eluting 
slightly prior to the PTH derivative of methionine. 

Electrospray Mass Spectrometry. Individual samples of 
native and synthetic guanylin were purified by microbore Cg 
reverse-phase HPLC (Brownlee Aquapore RP-300 1-fim col- 
umn, P. J. Cobert, St. Louis, MO) and eluting fractions of the 
peptides were collected and concentrated to =8 pmol//xl for 
mass analysis. Sample solutions were introduced to the mass 
spectrometer via injection into a stream of acetonitrile/H20/ 
TFA, 1000:1000:1, vol/vol/vol, which continuously flowed 
to the mass spectrometer at a flow of 10 /il/min. Three 
microliters of each of the concentrated guanylin samples was 
injected to obtain the results that are presented in this paper. 



A Sciex API III triple-quadrupole mass spectrometer 
(Thomhill, Ontario, Canada) equipped with an atmospheric 
pressure ion source was used to sample positive ions pro- 
duced from an electrospray interface (15). Mass analysis of 
sample ions was accomplished by scanning the first quadru- 
pole in 1 atomic mass unit increments from 1000 to 2400 
atomic mass units in =3 s and passing mass-selected ions 
through the second and third quadrupoles operated in the 
rf-only mode to the multiplier. For maximum sensitivity, the 
mass resolution of the quadrupole mass analyzer was set so 
that ion signals were «'2 atomic mass units wide at half peak 
height, but the centroid of the ion signal still represented the 
correct mass of the ion. Comparison of the oxidized and 
reduced guanylin molecular ion region was made by scanning 
the quadrupole mass analyzer in 0.1 atomic mass unit steps 
from 1510 to 1525 atomic mass units in 2 s. Mass spectra of 
the guanylin samples were averaged over all of the scans that 
were acquired during elution of the 3-n\ sample solution. 

Binding Assay. "'I-labeled STa ("'l-STa) was prepared by 
the lodo-Gen method (16). T84 cell monolayers were washed 
twice with 1 ml of DMEM and then incubated for 30 min at 
37T in 0.5 ml of DMEM with '"I-STa (amino acids 5-18) 
(100,000 cpm per well) and either guanylin or 100 nM STa. 
The cells were then washed four times with 1 ml of DMEM 
and solubilized with O.S ml of 1 M NaOH per well. This 
volume was transferred to tubes and assayed for radioactivity 
by a y counter. Results are expressed as the percentage 
specifically bound. 

Chemical Synthesis of Guanylin. Guanylin was synthesized 
by the solid-phase method (17) with an Applied Biosystems 
430A peptide synthesizer on Cys(4-CH3Bzl)-OCH2-phenyl- 
acetamidomethyl resin using double coupling cycles to en- 
sure complete coupling at each step. Coupling was effected 
with preformed symmetrical anhydride of /erf-butoxycar- 
bonyl amino acids (Applied Biosystems), and peptides were 
cleaved from the solid support in hydrogen fluoride/ 
dimethylsulfide/anisole/p-thiocresol, 8:1:1:0.5, vol/vol/ 
vol/wt, at 0°C for 60 min. Peptides were cyclized using 
dimethylsulfoxide as described by Tam et al. (18). Peptides 
were purified by successive reverse-phase chromatography 
on a 45 X 300 mm Vydac Cig column and on a 19 x 150 mm 
/iBondapak Cig column, using a gradient of 10-30% aceto- 
nitrile in 0.5% TFA. The structures and purity of the syn- 
thetic peptides were verified by fast atom bombardment mass 
spectrometry, amino acid analysis, and gas-phase sequence 
analysis. 

RESULTS 

Initial characterization of theT84 cell response indicated that 
these cells were very sensitive to STa with a concentration of 
10"'" M eliciting a 4-fold increase in cyclic GMP. The cells 
also displayed a remarkable range, with a maximal response 
of STa (10"^ M) eliciting a >1000-fold increase in cyclic 
GMP. Furthermore, we failed to detect an effect of either 
sodium nitroprusside (10"' M) or atrial natriuretic peptide 
(10~* M) on cyclic GMP levels, suggesting that the T84 serves 
as a selective bioassay for agents that activate the intestinal 
guanylate cyclase. Various rat tissues were surveyed as 
sources for T84 cell cyclic GMP agonist activity, and jejunum 
and kidney were found to possess activity while liver, brain, 
pancreas, spleen, lung, and testes lacked detectable activity 
(Fig. 1). We also observed that rat embryonic intestine 
possessed a similar activity. Treatment of the T84 cells with 
10% of embryonic intestinal extract increased the cyclic GMP 
from a basal level of 120 ± 10 fmol per well to 270 ± 10 fmol 
per well (mean ± SE). 

Purification of the adult rat jejunal bioactivity was accom- 
plished by the processing scheme described in Materials and 
Methods. Briefly, following acid boiling and extraction by a 
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Fig . 1 . Effect of extracts from various tissues on T84 cyclic GMP 
levels. Acid extracts were prepared from 1 g of tissue and 10% of each 
extract was applied to IBMX-treated cells. Values are means ± SE 

in = 3). 

Cig reverse-phase matrix, the material was fractionated on a 
preparative isoelectric focusing cell, which resulted in a 
200-fold purification and indicated that the isoelectric point 
was about 3.8. Refocusing of the active fraction resulted in a 
further 5- to 10-fold purification. The active fraction was then 
purified to homogeneity by a series of reverse-phase HPLC 
steps, including a semipreparative Cig column, a phenyl 
column, two separations on a Cig column utilizing different 
ion-pairing reagents, and final purification on a microbore Cg 
column (Fig. 2). 

Preliminary experiments suggested that the material was a 
low molecular weight peptide; therefore the material was 
subjected to N-terminal protein sequence analysis and to 
electrospray mass spectrometric analysis. The combination 
of the data derived from these two techniques yielded the 
complete sequence for guanylin: Pro-Asn-Thr-Cys-Glu-Ile- 
Cys-Ala-Tyr-Ala-Ala-Cys-Thr-Gly-Cys. The N-tenninal se- 
quence through 14 places was determined by two indepen- 
dent gas-phase sequencing experiments. The C-terminal 
amino acid was deduced from data obtained by electrospray 
mass spectroscopy. The initial results yielded a sequence in 
which no PTH amino acid derivative was observed at posi- 
tions 4, 7, and 12. Since cysteine residues cannot be posi- 
tively identified during gas-phase sequencing without reduc- 
tion and alkylation, the lack of a PTH amino acid derivative 
at these positions suggested the presence of cysteine resi- 
dues. For complete verification, the putative cysteine resi- 
dues of guanylin were pyridylethylated and the peptide was 
resequenced. The subsequent N-terminal gas-phase se- 
quence analysis verified cysteine residues at positions 4, 7, 
and 12. Further primary structure information was obtained 
by electrospray mass spectrometry. The electrospray mass 
spectrum of native guanylin (Fig. 3A) contains an ion signal 
at m/z 1516 that corresponds to the protonated peptide. This 
assignment is 103 atomic mass units higher than the mass 
expected for the peptide whose sequence was obtained by 
gas-phase sequence analysis. This difference of 103 atomic 



Fig. 2. Final purification of guany- 
lin by Cg reverse-phase microbore 
HPLC. Chromatographic peaks (A214. 
0.1 absorbance unit full scale) were 
collected and measured for activity. 
The active peak (55% of a full-scale 
response) is indicated by shading, with 
1% of the fraction giving a 10-fold in- 
crease in cyclic GMP. 



mass units is consistent with an additional disulfide-linked 
cysteine or with a threonine at the C terminus of the peptide. 
Reduction of the disulfide bonds of guanylin with dithiothrei- 
tol (DTD resulted in a 4 atomic mass unit increase in 
molecular weight of the peptide (Fig. 3 B and C), indicating 
that it contains two disulfide bonds. Therefore, since there 
are only three cysteines in the original 14 N-terminal amino 
acids, the 103 atomic mass unit difference must result from an 
additional C-terminal cysteine that is disulfide-linked to one 
of the other three cysteines in the guanylin sequence. 

The resulting full amino acid sequence of the peptide was 
compared with all other proteins in the GenBank, National 
Biomedical Research Foundation, and SwissProt databases 
by a computer-based search. This search revealed that gua- 
nylin has homology with the STs, with the greatest homology 
identified in the cysteine-rich regions of the molecules (19, 
20). The distinctive difference between guanylin and the STs 
is that guanylin possesses four cysteines with two disulfide- 
linked bridges while all of the known STs have six cysteines 
with three disulfide-linked bridges (Fig. 4). 

Chemical synthesis of guanylin based on the experimentally 
derived sequence resulted in three different HPLC fractions 
following oxidation in air. Each of these fractions contained a 
peptide with the same molecular weight as native guanylin 
(1516 atomic mass units) as determined by mass spectrometric 
analysis. However, only one of these fractions exhibited 
potent bioactivity in the T84 cell bioassay consistent with 
guanylin. This fraction also exhibited a similar HPLC reten- 
tion time to that of native guanylin. Since guanylin has four 
cysteine residues, the three fractions of synthetic guanylin 
probably represented the three possible different disulfide 
bridge alignments. Bioactive synthetic guanylin stimulated 
increases in cyclic GMP levels of T84 cells that were time and 
concentration dependent. Guanylin (10"^ M) caused a marked 
elevation of cyclic GMP after 1 min, which progressively 
increased through 30 min (Fig. 5A). Examination of the 
concentration-response curve shows that guanylin elicited an 
increase in cyclic GMP at 10"'° M and this response increased 
through the range of concentrations tested (Fig. 5B). To 
characterize the effect of treatment of reducing agents on the 
bioactivity of guanylin, we pretreated the peptide for 30 min 
with 1 mM DTT. The basal level of cyclic GMP for this 
experiment was 160 ± 50 fmol per well, which increased to 
2820 ± 500 fmol per well after a 30-min treatment with guanylin 
(10~* M). However, following the pretreatment of the peptide 
with DTT, the effect of the 30-min treatment with the peptide 
on cyclic GMP was almost completely abolished (250 ± 50 
fmol per well). The action of DTT does not appear to be a 
direct effect of DTT on guanylate cyclase since treatment of 
the cells with 10 ^tM DTT (final concentration of DTT that the 
cells were exposed to in the experiment) failed to affect their 
responsiveness to STa treatment (data not shown). Finally, we 
examined in preliminary experiments the ability of guanylin to 
displace specifically bound '"l-STa from T84 cells. In this 
experiment, guanylin caused a concentration-dependent dis- 
placement of labeled STa from the T84 cells (Fig. 6) with an 
IC5oof5 X 10-' M. 

DISCUSSION 

In the present study, we describe the purification and se- 
quence of a rat intestinal peptide that possesses the proper- 
ties consistent with an endogenous ligand for the intestinal 
guanylate cyclase. We have termed this peptide guanylin 
because of its ability to stimulate intestinal guanylate cyclase. 
Synthetic guanylin was found to increase cyclic GMP levels 
in T84 cells in a time- and concentration-dependent manner. 
Guanylin was also found to displace the specific binding of 
i^'l-STa from T84 cells. Therefore, these data support our 
proposal that guanylin is an endogenous activator of the 
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Fig 3 Electrospray mass spectra of native guanylin. (A) Mass spectral analysis of native guanylin in a range of 1000-2400 atomic mass units 
shows the molecular weight to be 1516 atomic mass units. (B and C) Comparison of the mass spectra of oxidized (B) and reduced (C) native 
guanylin in the range 1510-1525 atomic mass units. R.A., relative a! 



intestinal guanylate cyclase and suggest that this peptide may 
influence intestinal fluid and electrolyte transport. 

Puriflcation of guanylin was accomplished by capitalizing 
on the stable nature of this peptide, its acidic isoelectric 
point, and its characteristic elution on reverse-phase HPLC. 
Initially, we were concerned that the activity may result from 
bacterial contamination. To limit this possibility the purifi- 
cation was limited to jejunum, which in normal animals is 
considered unlikely to contain considerable bacterial con- 
tamination. Furthermore, we found in preliminary experi- 
ments that every individual rat intestine that we extracted 
possessed bioactivity. We also found that embryonic intes- 
tine, which is considered free of bacteria, exhibits similar 
activity, strongly suggesting that the intestine indeed pos- 
sesses a unique ligand. The structure of guanylin further 
strengthens this proposal. However, definitive proof of the 
intestinal source of guanylin must await a thorough analysis 
of the tissue by immunological and molecular methods. 

The unique structure of the IS-amino acid peptide guanylin 
is characterized by an N-terminal proline, a C-terminal 
cysteine, a glutamic acid, a total of four cysteines, and the 
absence of basic amino acids. The conditions under which 
guanylin was isolated may have given rise to a truncated form 
that possesses the properties required for bioactivity but is 
derived from a larger precursor. The synthetic peptide re- 
quired cyclization for expression of bioactivity and this 
activity was abolished by treatment with the reducing agent 
DTT. Interestingly, during the purification of oxidized syn- 
thetic guanylin, we observed three major chromatographic 
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peaks, each of which contained a peptide of the same 
molecular weight as native guanylin. Since guanylin has four 
cysteine residues, the three fractions of synthetic guanylin 
probably represent the three possible alignments of the 
disulfide bridges. It is likely that the two inactive fractions 
represent improperly folded peptide. The alignment of the 




Fig. 4. Comparison of the structures of guanylin and STa. 
Identical amino acids are indicated by the dotted lines. The reported 
disulfide alignment for STa (20) is represented by the solid lines. 



Fic. 5. Time course (A) and concentration-response (B) effect of 
synthetic guanylin on cyclic GMP levels in T84 cells. In the time 
course experiment, T84 cells were treated with 10"* M guanylin for 
the indicated times. For the concentration-response, the cells were 
incubated with various concentrations of guanylin for 30 min. Cells 
for both experiments were treated with 1 mM IBMX. Values 
represent means ± SE (n = 4). 
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Fic. 6. Displacement of '"I-STa specific binding from T84 cells 
by guanylin. Cells were incubated for 30 min at 37°C with labeled STa 
and various concentrations of guanylin. Specific binding (%) was 
determined by dividing the specifically bound '"I-STa at each 
guanylin concentration by the specifically bound *^I-STa in the 
absence of guanylin. Each point represents the mean of triplicates. 

disulfide bridges at this time remains undetermined; how- 
ever, a comparison of the conserved cysteines in guanylin 
with the known structure of STa (20) suggests that the 
disulfide bridge alignments may occur between positions 4 
and 12 and between 7 and 15 (Fig. 4). 

Guanylin appears to act in a manner similar to STs in 
stimulating cyclic GMP levels and presumably acts through 
the same extracellular binding region of the intestinal gua- 
nylate cyclase. This form of guanylate cyclase has recently 
been cloned, sequenced, and expressed (5). Intestinal gua- 
nylate cyclase was found to possess an extracellular domain 
that is thought to contain the STa binding region, a trans- 
membrane domain, an intracellular protein kihase-like re- 
gion, and a cyclase catalytic domain (5). The present study 
indicates that this protein serves as a receptor for guanylin 
and mediates the effect of guanylin to increase intracellular 
cyclic GMP levels. The major site of expression of this 
receptor appears to be the intestinal epithelial cell, but recent 
binding studies with ^^'I-STa indicate that receptors coupled 
to guanylate cyclase activity exist in other epithelial cells in 
many different organs of the North American opossum (21, 
22). This evidence indicates that this form of guanylate 
cyclase may be found in other cellular sites than the intestine 
and may be involved in the regulation of many different 
cellular functions, particularly epithelial transport. Thus, the 
actions of guanylin may ultimately extend to other tissues 
beside the intestine. Indeed, guanylin may possess previ- 
ously undescribed subtypes of receptors that do not recog- 
nize STs. 

The immediate physiologic and pathophysiologic implica- 
tions of the discovery of guanylin primarily relate to the 
regulation of intestinal fluid and electrolyte transport. A 
target for guanylin is the intestinal guanylate cyclase and it is 
likely that this receptor acts to transduce many of the signals 



for this peptide. Since STa also targets this receptor, the 
actions of this toxin should serve as a model for the expected 
actions of guanylin. Guanyhn, through its effect on guanylate 
cyclase and cyclic GMP, may act to decrease sodium and 
water permeability and to increase chloride secretion. An 
excess of guanylin would, therefore, be expected to elicit 
secretory diarrhea in a manner similar to STa. A key to 
understanding the role of guanylin will be the determination 
of the specific cell source(s) of guanylin. Thus, the discovery 
of guanylin should provide a foundation for future studies 
directed at determining the cellular source of this peptide and 
its action on epithelial function. 

We thank Drs. Philip Needleman, William Moore, and Allen 
Nickels for their useful discussions and helpful advice. 
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Abstract 

The present study describes the characterization of the binding properties and autoradiographic distribution of a new nonpeptide 
antagonist of neurotensin receptors, [^H]SR 142948A (2-{[5-(2,6-dimethoxyphenyi)-l-(4-(A'-(3-dimethylaminopropyi)-/V-methyl- 
carbanioyi)-2-isopropylphenyl)-lH-pyrazole-3-carbonyl]-amino}-adamantane-2-carboxylic acid, hydrochloride), in the rat brain. The 
binding of [^H]SR 142948A in brain membrane homogenates was specific, time-dependent, reversible and saturable. ['H]SR 142948A 
bound to an apparently homogeneous population of sites, with a K^, of 3.5 nM and a B^^^ value of 508 fmol/mg of protein, which was 
80% higher than that observed in saturation experiments with r'll]neurotensin. [^H]SR 142948A binding was inhibited by SR 142948A, 
the related nonpeptide receptor antagonist, SR 48692 (2-{[l-(7-chloroquinolin-4-yl)-5-(2,6-dimethoxyphenyl)-lH-pyrazole-3- 
carbonyl]amino)-adamantane-2-carboxylic acid) and neurotensin. Saturation and competition studies in the presence or absence of the 
histamine H , receptor antagonist, levocabastine, revealed that ['H]SR 142948A bound with similar affinities to both the levocabastine-in- 
sensitive neurotensin NT, receptors (20% of the total binding population) and the recently cloned levocabastine-sensitive neurotensin NTj 
receptors (80% of the receptors) {K^ = 6.8 and 4.8 nM, respectively). The regional distribution of [^H]SR I42948A binding in the rat 
brain closely matched the distribution of ['^'l]neurotensin binding. In conclusion, these findings indicate that [^H]SR 142948A is a new 
potent antagonist radioligand which recognizes with high affinity both neurotensin NT, and NTj receptors and represents thus an 
excellent tool to study neurotensin receptors in the rat brain. © 1998 Elsevier Science B.V. 

Keywords: ['h]SR 142948A; Neurotensin receptor; Nonpeptide receptor antagonist; Levocabastine; Receptor autoradiography; Brain 



1. Introduction 

Neurotensin is a 13-amino acid neuropeptide found in 
the central nervous system and peripheral tissues of numer- 
ous mammalian species (Emson et al,, 1982; Mai et a!., 
1987). Neurotensin acts as a neurotransmitter- 
neuromodulator in a variety of physiological processes. In 
particular, neurotensin has been shown to play an impor- 
tant role in the modulation of midbrain dopamine transmis- 
sion (Kasckow and Nemeroff, 1991); neurotensin is also 
involved in nociception, hypothermia and control of ante- 
rior pituitary hormone secretion (Rostene and Alexander, 
1997). In the adult rat and mouse brain, neurotensin can 
bind to two different binding sites which can be distin- 
guished by their affinity for neurotensin (Mazella et al., 

"^Corresponding author. Tel.: +33-1-49284688; lax: +33-1-43408270; 
c-mail: bctancur(a<adr.st-antoinc.inserm.fr 



1983), as well as by their sensitivity to levocabastine, a 
histamine H, receptor antagonist (Schotte et al., 1986). In 
other species, including humans, rabbits and guinea pigs, 
only levocabastine-insensitive sites have been detected in 
the brain (Schotte et al., 1986). Until recently, it was 
believed' that the physiological effects of neurotensin were 
mediated through a single class of G protein-coupled 
receptors, corresponding to the levocabastine-insensitive 
binding sites, cloned from rat brain (Tanaka et al., 1990) 
and human adenocarcinoma HT-29 cell line (Vita et al., 
1 993). In contrast, it was assumed that levocabastine-sensi- 
tive neurotensin binding sites lacked signalling activity and 
were thus considered as acceptor sites, devoid of function. 
Very recently, however, a novel neurotensin receptor 
(called NTj) sensitive to levocabastine was cloned in the 
rat hypothalamus (Chalon et al., 1996) and mouse brain 
(Mazella et al., 1996). It also belongs to the family of G 
protein-coupled receptors and has about 40% homology 



00 1 4-2999/98 /.SI 9.00 © 1998 Elsevier Science B.V. All riehts reserved. 



C. Belancur et al./ European Journal oj Pharmacology 343 (1998) 67^77 



with the previously cloned rat and human neurotensin 
receptors (NT,). The biological function of the neurotensin 
NT2 receptor remains to be determined. 

A major advancement in the field of neurotensin re- 
search was provided by the discovery of the first highly 
potent and selective nonpeptide neurotensin receptor antag- 
onist, SR 48692 (Gully et al., 1993). SR 48692 is orally 
active, crosses the blood brain barrier and has a long-last- 
ing action; it shows higher affinity for neurotensin NT, 
than for NTj receptors. This antagonist can counteract the 
effects of neurotensin in numerous in vitro and in vivo 
assays (Gully et al., 1993); however, SR 48692 is unable 
to inhibit neurotensin-induced hypothermia and analgesia 
in rats and mice (Dubuc et al., 1994). This compound also 
fails to reverse dopamine release in the nucleus accumbens 
evoked by neurotensin injection in the ventral tegmental 
area (Steinberg et al., 1994), as well as the hypolocomo- 
tion induced by intracerebroventricular administration of 
the peptide (Pugsley et al., 1995). These findings suggest 
that these effects of neurotensin could be mediated through 
a neurotensin receptor subtype which is insensitive to SR 
48692 (Le et al., 1996). 

Although SR 48692 has proved an important pharmaco- 
logical tool for studying neurotensin receptors and for 
exploring the existence of possible neurotensin receptor 
subtypes, it has certain properties that could limit its 
usefulness. In particular, SR 48692 has very low aqueous 
solubility and 100 times lower affinity for the rat brain 
when compared to the guinea pig brain (Gully et al., 
1993). Thus, the tritiated ligand derived from this antago- 
nist, ['H]SR 48692, bound with high affinity to the guinea 
pig brain {K^ = 2 nM) (Betancur et al., 1995) and to cells 
transfected with the rat neurotensin NT, receptor (A:^ = 3 
nM) (Labbe-Jullie et al., 1995), but exhibited high levels 
of nonspecific binding when tested in adult rat brain 
homogenates or sections (unpublished observation). 

Recently, Sanofi developed a second nonpeptide antag- 
onist of neurotensin receptors, SR 142948 A, which is 
chemically related to SR 48692 but has better solubility 
and increased affinity in the rat brain (Gully et al., 1997). 
SR 142948A recognizes with similar affinity (in the 
nanomolar range) both neurotensin NT, and NT2 receptors 
(Gully et al., 1997). Interestingly, in contrast to SR 48692, 
SR 142948A blocked the hypothermia and analgesia in- 
duced by central injection of neurotensin, revealing a 
wider spectrum of action, probably through inhibition of 
different neurotensin receptor subtypes (Gully et al., 1997). 

In the present study, we examined the binding proper- 
ties of a newly developed tritiated form of SR 142948 A 
(['h]SR 142948 a) in adult rat brain membrane ho- 
mogenates. Furthermore, we studied the autoradiographic 
distribution of pHlSR 142948 A binding sites in the rat 
brain and compared it with that of ['"l]neurotensin bind- 
ing. ['h]SR 142948 a binding was studied in the presence 
or absence of levocabastine, in order to determine its 
binding properties to neurotensin NT, and NTj receptors. 



2. Materials and methods 

2.1. Chemicals 

SR 142948A (2-{[5-(2,6-dimethoxyphenyl)-l-(4-(iV- 
(3-dimethylaminopropyl)-A'-methylcarbamoyl)-2-isopro- 
pylphenyO- 1 H-pyrazole-3-carbony l]-amino}-adamantane- 
2-carboxylic acid, hydrochloride) (Fig. 1) and SR 48692 
(2-{ [ l-( 7-chloroquinolin-4-yl )-5-( 2,6-dimethoxyphenyl )- 
1 H-pyrazole-3-carbonyl] amino } -adamantane-2-carboxylic 
acid) were synthesized at Sanofi Recherche (Montpellier, 
France). Both compounds were dissolved in dimethylsulf- 
oxide and stored in aliquots at - 20°C until the day of the 
experiment. pH]SR 142948A (83 Ci/mmol) was tritiated 
at Sanofi Recherche (Alnwick, Great Britain). [^H]Neuro- 
tensin (104 Ci/mmol) was purchased from New England 
Nuclear (Les Ulis, France) and monoiodo-['"^I-Tyr^]neuro- 
tensin (2000 Ci/mmol) was iodinated and purified as 
described previously (Sadoul et al., 1984). Unlabeled neu- 
rotensin was purchased from Neosystem Laboratories 
(Strasbourg, France). Levocabastine was kindly provided 
by Janssen Pharmaceutica (Beerse, Belgium) and was solu- 
bilized in ethanol. 

2.2. Preparation of brain membrane homogenates 

Male Sprague-Dawley rats (180-220 g, Charles River, 
Saint Aubain-les-Elboeuf, France) were killed by cervical 
dislocation. The whole brain (minus the cerebellum) was 
removed rapidly and homogenized in 10 volumes (original 
wet weight/volume) of 50 mM Tris-HCl ice-cold buffer 
(pH 7.4) for 30 s by using a polytron (setting 5). After 20 
min of centrifugation at 50 000 X g, the pellet was washed 
and again centrifuged as above. The final pellet was 
resuspended in binding assay buffer containing 50 mM 
Tris-HCl (pH 7.4), 1 mM EDTA, 0.1% bovine serum 
albumin, 1 mM 1,10 orthophenanthroline (Sigma, Saint 
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Louis, MO), 5 mM dithiothreitol and 40 mg/1 bacitracin 
and stored as aliquots in liquid nitrogen until used. 

2.3. Binding assays in brain homogenates 

Aliquots of brain membranes (300 ;ag/assay) were 
incubated in 0.5 ml (final volume) of binding assay buffer 
containing the appropriate concentrations of ['^HlSR 
142948 A and unlabeled drugs. After incubation at 20°C for 
60 min, the assay medium was diluted with 4 ml of 
ice-cold 50 mM Tris-HCl buffer (pH 7,4) and filtered 
rapidly under reduced pressure through Whatman glass- 
fiber GF/B filters pretreated with 0,1% polyethylenimine. 
The filters were washed 3 times under the same conditions 
and transferred to vials containing 4 ml of scintillation 
cocktail. The bound radioactivity was determined by liquid 
scintillation counting. Nonspecific binding was determined 
in the presence of 1 jxM unlabeled SR 142948A. 

Saturation experiments were carried out with increasing 
concentrafions of [^H]SR 142948 A (0.05 to 16 nM). In 
association kinetic experiments, rat brain homogenates 
were incubated with pHlSR 142948A (2 nM) for various 
time periods. For dissociation studies, [' H]SR 142948A 
was incubated for 30 min with brain membranes, unlabeled 
SR 142948 A was then added at a final concentration of 1 
jjuM and incubations were stopped at the indicated times. 
Competition studies were conducted with a single concen- 
tration of [^H]SR 142948 A (2 nM) and at least 10 concen- 
trations of unlabeled ligands. In addition, saturation and 
competition studies with [^H]SR 142948 A were performed 
in the presence of a constant concentration of levocabas- 
line (10 ^iM), which selectively inhibits binding to neu- 
rotensin NT, receptors. The effect of guanyl nucleotides 
on [■'h]SR 142948A binding was examined by adding 
increasing concentrations of the nonhydrolyzable GTP ana- 
log 5'-guanylylimidodiphosphate (Gpp(NH)p) to the bind- 
ing assay. ['H]neurotensin binding to rat brain membranes 
was performed as described previously (Goedert et al., 
1984), in the presence or absence of levocabastine (10 
jxM). Nonspecific binding was determined by incubation 
with 1 /xM neurotensin. All experiments were performed 2 
or 3 times in triplicate. Data from association, saturation 
and competition studies were analyzed by using a nonlin- 
ear regression program, LIGAND (Munson and Rodbard, 
1980). /C, values were calculated according to the Cheng 
and Prusoff (1973) equation. 

2.4. Autoradiography of f^HjSR 142948A binding sites 

Adult male rats were killed by decapitation, the brain 
was removed rapidly, frozen on dry ice and stored at 
-80°C. Coronal sections (20 ^tm thick) were cut on a 
cryostat at -16°C, mounted on slides (Superfrost plus, 
Menzel-Glaser, Madison, WI) and stored at -20°C until 
used. [^H]SR 142948 A binding was performed by incubat- 
ing the sections for 60 min at room temperature with 300 
ix\ of 2 nM pH]SR 142948A in 50 mM Tris-HCl buffer 
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(pH 7.4), containing 1 mM EDTA, 0.1% bovine serum 
albumin, 40 mg/ml bacitracin and 0.5 mM 1,10 or- 
thophenanthroline, in the presence or absence of 1 /aM 
levocabastine. Additional sections were incubated with 10 
/*M SR 142948 A for the determination of nonspecific 
binding. After incubation, the sections were washed 3 
times for 10 min each at 4°C in 50 mM Tris-HCl buffer 
(pH 7.4), containing 1 mM EDTA and 0.1% bovine serum 
albumin. Slides were then dipped briefly in distilled water 
and dried under a stream of air. Sections were placed in 
X-ray cassettes, apposed to Hyperfilm-^H (Amersham, 
France) for 3 weeks and developed by standard photo- 
graphic procedures. 

2.5. Autoradiography of P'^I]neurotensin binding sites 

['^^l]Neurotensin binding was performed as described 
previously (Moyse et al, 1987). Briefly, slide-mounted 
brain sections were incubated for 60 min at 4°C with 300 
^1 of 0.3 nM ['-'^neurotensin in 50 mM Tris-HCl buffer 
(pH 7.4), containing 5 mM MgCl,, 0.2% bovine serum 
albumin and 0.5 mM 1,10 orthophenanthroline, in the 
presence or absence of 1 juM levocabastine. Nonspecific 
binding was determined in the presence of 10 ;u,M unla- 
beled neurotensin. The sections were washed 4 times for 2 
min each at 4°C in 40 mM Tris-HCl buffer (pH 7.4), 
dipped briefly in distilled water and dried. Radiolabeled 
sections were exposed to Hyperfilm-jSmax (Amersham) 
for 1 week. 

2.6. Densitometric analysis 

Quantitative optical density measurements of film auto- 
radiographs were carried out with a computer-based image 
analysis system (HISTO-RAG, Biocom, Les Ulis, France). 
Optical densities of nonspecific binding were subtracted 
from total binding to obtain specific binding. Measure- 
ments were performed bilaterally on 4 brain sections per 
level. Values were expressed as nCi/mg tissue by using 
autoradiographic and '^'l micro-scales (Amersham) 
that were exposed together with the tissue sections. Brain 
structures were identified according to the atlas of Paxinos 
and Watson (1986). 



3. Results 

3. 1. Biochemical profile off^HjSR I42948A binding to rat 
brain membrane homogenates 

3.1.1. Tissue concentration linearity 

Fig. 2 shows the total, nonspecific and specific binding 
of pH]SR 142948 A to rat brain homogenates as a function 
of membrane protein concentration. The specific binding 
of pH]SR 142948 A measured at 2 nM was linear with 
increasing protein concentration until 400 p,g of 
protein /tube. 
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Fig. 2. [^H]SR 142948A binding as a function of increasing protein 
concentrations. Various concentrations of rat brain membranes were 
incubated with 2 nM ['h]SR 142948A for 60 min at 20°C. Nonspecific 
binding was determined with 1 ixU unlabeled SR 142948A. Specific 
binding was defined as the difference between total and nonspecific 
binding. The data represent the mean of triplicate determinations. 



3.1.2. Saturation studies 

Fig. 3 shows a saturation isotherm of the binding of 
[^H]SR 142948 A to rat brain membranes. Analysis of the 
saturation curves by computer-assisted nonlinear regres- 
sion or by Scatchard analysis (Fig. 3, inset) revealed a 
single class of high-affinity binding sites (/^^ = 3.48 ± 0.22 




fH] SR 142948A(nM) 

3. Saturation analysis and Scatchard plot (inset) of ['hJSR 142948A 
al brain membranes. Membranes were incubated for 60 min at 
a concentration range of [^HjSR 142948A (0.05 to 16 nM); 
nonspecific binding was defined with 1 ixM unlabeled SR 142948A. The 
data shown are from one of 3 experiments performed in triplicate. 



nM; mean + S.E.M., « = 3) for radioligand concentrations 
ranging from 0.05 to 16 nM, with a maximal binding 
capacity iB^^^) of 508.4 + 45.0 fmol/mg of protein. 

3.1.3. Kinetic studies 

The specific binding of ['h]SR 142948 A to rat brain 
membranes was time dependent, reaching a steady state in 
about 60-80 min at 20°C (Fig. 4A). Fig. 4B illustrates the 
rate of dissociation, measured at various time intervals 
after addition of 1 jxM unlabeled SR 142948A at equilib- 
rium binding. The dissociation kinetics revealed a first- 
order process with a dissociation rate constant (/:_,) of 
0.021 min~' (mean, n = 2). The observed association rate 
constant ik^^^,^) was 0.033 min"' and the kinetic associa- 
tion constant (/:,), calculated from the equation = {k^^,^ 




Time (min) 

Fig. 4. Association (A) and dissociation (B) kinetics of specific ['h]SR 
142948A binding to rat brain membranes. (A) The association of 2 nM 
[■'h]SR I42948A binding was determined at various time intervals. (B) 
Time course of dissociation of ['h]SR 142948A binding, initiated with 1 
/LtM unlabeled SR 142948A. The points shown are means of triplicate 
determinations from a representative experiment. 



C. Belanciir et al. / European Journal of Pharmacology 343 (1998) 67-77 




Concentration (M) 

l-ig. 5. Inhibition of specific [^H]SR 142948A binding to rat brain 
membranes by increasing concentrations of SR 142948A, SR 48692 and 

ncurolonsin. Results represent the means + S.E.M. of 3 independent ex- 
periments performed in triplicate. 

- /t|)/([^H]SR 142948A), was 0.006 X lO' M"' min"'. 
The dissociation constant (K^) calculated from the ratio 
l<-\/k^ was 3.5 nM, similar to the dissociation constant 
determined in saturation studies. 




io-« ia5 10^ 



Concentration (M) 

Fig. 6. Inhibition of specific ['hJSR 142948A binding to rat brain 
membranes by SR 142948A, levocabastinc and SR 142948A in the 
presence of a constant concentration of levocabastinc (10 ixM). Specific 
binding of ['h]SR 142948A without levocabastinc represents 100%. In 
the absence of levocabastinc, SR 142948A (•) inhibited ['h]SR 142948A 
binding to neurotensin NT, and NT, receptors. Levocabastinc ( ♦ ) 
inhibited binding of [^H]SR 142948A to NT, receptors (80% of the 
receptors). In the presence of 10 ;uM levocabastinc, SR 142948A (D) 
inhibited [^HJSR 142948A binding to NT, receptors (20% of the recep- 
tors). The data shown arc from a single experiment performed in tripli- 
cate. The experiment was repeated 3 times with similar results. 




Bound (fmol/mg) 

Fig. 7. Scatchard analysis of saturation of ['h]SR I42948A (A) and 
[^H]ncurotcnsin (B) binding to rat brain membranes performed with or 
without 10 |iM levocabastinc. ['h]SR 142948A and ['H]neurotcnsin 
bound to neurotensin NT, and NT, receptors; the addition of 10 /xM 
levocabastinc to the binding assay blocked Icvocabastine-sensitive NT, 
receptors and revealed NT, receptors. The NT2 receptor data were 
calculated as the difference between the results obtained in the absence 
and in the presence of levocabastinc. The values arc from typical 
experiments and represent the means of triplicat 



3.1.4. Competition studies 

Fig. 5 shows the inhibition of [^H]SR 142948 A binding 
by increasing concentrations of unlabeled SR 142948 A, 
SR 48692 and neurotensin in rat brain homogenates. The 
K, value obtained for unlabeled SR 142948A, 5.0 + 0.4 
nM, was close to the values determined in kinetic studies 
(Hill coefficient, n^^ = 0.98 + 0.01). The binding of pH]SR 
142948A to rat brain membranes was fully displaced by 
the natural ligand neurotensin, as well as by the previously 
described neurotensin receptor antagonist SR 48692, a 



C. Belancur el al. / European Journal of Pharmacology 343 (1998) 67-77 



nonpeptide molecule chemically related to SR 142948A. 
These competition curves gave values of 32.8 + 5.9 
nM = 0.99 ±0.10) for neurotensin and 123.6 ± 15.7 
nM = 0.95 + 0.06) for SR 48692. 

3.1.5. Effect of levocabastine on f^HjSR 142948A and 
[^H] neurotensin binding 

The addition of increasing concentrations of levocabas- 
tine to the [^H]SR 142948 A binding assay resulted in 
progressive blockade of neurotensin NT2 receptors (Fig. 
6). Concentrations greater than 1 jxM. levocabastine com- 
pletely inhibited the binding of [^H]SR 142948 A to NTj 
receptors, which constituted 80% of the whole population 
of sites. The presence of 10 /xM levocabastine in the 
[■^HlSR 142948A binding assay revealed neurotensin NT, 
receptors, which were recognized by SR 142948A with an 



IC50 value of 4.0 + 0.3 nM, in the same nanomolar range 
as for experiments without levocabastine (ICjg = 7.0 + 1.5 
nM). 

Saturation experiments were also performed in the pres- 
ence or absence of 10 yuM levocabastine with a fixed 
concentration of [^H]SR 142948 A and increasing concen- 
trations of unlabeled SR 142948A. Scatchard analysis of 
pH]SR 142948 A binding data in the absence of levocabas- 
tine yielded a linear plot (Fig. 7A), indicating the presence 
of a homogeneous population of binding sites ( A^^ = 6. 1 + 
1.6 nM, 5„„ = 527 + 22 fmol/mg protein; n = 3). How- 
ever, the parallel leftward shift of this straight line ob- 
tained in the presence of 10 /xM levocabastine indicated 
binding to neurotensin NT, receptors iK^ = 3.4 + 0.5 nM, 
^max = 104 + 8 fmol/mg protein) and, by difference, re- 
vealed neurotensin NT, receptors (A^j = 8.5 + 4.1 nM, 




Fig. 8. Autoradiographic dislribulion of [^H]SR 142948A (left) and ['''ijiiourolcnsin (righO binding sites in coronal sections of the rat brain. Photographs 
show ['h]SR I42948A and ['''l]ncurotensin binding in the absence of levocabastine. Nonspecific binding was determined in the presence of 10 /uM 
unlabeled SR 142948A or neurotensin, respectively, and was indistinguishable from background. Abbreviations: CPu = caudate putamcn; DC = ventral 
dentate gyrus; En = endopirifom nucleus; Hb = habonula; Hi = hippocampus; LS = lateral septum; Prh = perirhinal area; RSG = rctrosplonial granular 
cortex; SNC = substantia nigra, pars compacta; SNR = substantia nigra, pars reticulata; VTA = ventral tegmental area; Zl = zona incerta. 
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^max = 422 + 58 fmol/mg protein). These data confirmed 
that [^H]SR 142948 A exhibits similar affinities for the two 
subtypes of neurotensin receptors. Similar experiments 
performed with H]neurotensin (Fig. 7B) revealed 
values comparable to those of pH] SR 142948 A (6.8 and 
4.8 nM for NT, and NT^ receptors, respectively). How- 
ever, H]neurotensin bound to a lower number of binding 
sites than [^H]SR 142948A (5„,, values of 32 and 265 
fmol /mg for NT, and NTj receptors, respectively). 

3.1.6. Effect of guanyl nucleotides on [^HjSR I42948A 
binding 

In order to determine whether the binding of [ H]SR 
142948 A was sensitive to guanyl nucleotides, we exam- 
ined the affinity of the radioligand in the presence of 



Gpp(NH)p, a nonhydrolyzable analog of GTP. The addi- 
tion of Gpp(NH)p in concentrations up to 100 yu.M did not 
modify the specific binding of [^H]SR 142948 A to rat 
brain membranes (data not shown). 

3.2. Autoradiographic localization of [^H]SR 142948A 
binding sites in the rat brain: Comparison with t^^I]neu- 
rotensin binding 

Preliminary experiments showed that the characteristics 
of pH]SR 142948A binding to rat midbrain sections were 
similar to those observed for brain membrane ho- 
mogenales. [^H]SR 142948A binding was saturable and 
reached a steady state by 60 min. Specific [^H]SR 142948 A 
binding was approximately 90% of the total binding, as 



Tabic 1 

Regional distribution of ['h]SR 142948A and ['"l]r 



St brain, in the presence or absence of levocabastinc 



Cerebral cortex 

r-rontal cortex 

Anterior cingulatc cortex 

Dorsal peduncular cortex 

Agranular insular cortex 

Dorsal cndopiriform nucleus 



Scptohippocampal nucleus 
Lateral septal nucleus, dorsal pi 

Basal ganglia 

Caudate putamcn (striatum) 
Accumbens nucleus, shell 
Accumbens nucleus, core 



6.61 +0.27 
9.44 ±0.18 
7.58 ±0.21 



10.54 ±0.29 
3.11 ±0.09 
2.22 + 0.05 



5.90 ± 0.27 
5.99 ± 0.25 



2.57 ±0.13 
2.62 ± 0.08 
2.39 + 0.09 



1.12 ±0.02 
6.41 ±0.14 
7.67 ± 0.27 
5.66 ±0.51 
4.59 ± 0.09 
0.82 ± 0.05 
8.98 ± 0.22 
1.98 ±0.12 
1.01 ±0.06 



0.39 ± 0.03 
2.01 ±0.16 
2.47 ± 0.39 
1.62±0.19 

1.82 + 0.13 
0.40 + 0.02 



0.58 ± 0.02 
0.52 ± 0.02 
0.55 ± 0.03 



Amygdala 

Central amygdaloid nucleus 5.00 ± 0.33 

Posteromedial cortical amygdaloid nucleus 9.17 ± 0.38 



0.29 ±0,01 

1.79 ±0.14 

1.80 ±0.09 
1.05 ±0.09 
1.15 ±0.07 
0.27 + 0.01 
2.29 ± 0.05 
0.84 + 0.06 
0.33 + 0.01 



0.51 ±0.02 
0.35 ±0.01 
0.37 ±0.01 



0.93 ± 0.02 
1.60 ±0.12 



Hippocampal formation 
Dentate gyrus, ventral part 

Midbrain 

Substantia nigra, pars compacta 1 
Substantia nigra, pars reticulata 
Ventral tegmental area 1 
Superficial gray layer of the superior colliculus 



5.67 ± 0.46 
4.01 ±0.11 
9.01 ±0.50 



11.34 ± 1.08 
2.79 ±0.14 
9.77 ± 0.97 
2.28 + 0.08 



2.38 ±0.10 
0.99 ± 0.05 
2.18±0.17 
0.82 ± 0.03 



2.05 ± 0.26 
0.83 ± 0.07 
1.71 +0.19 



[■"mSR 142948A and ['"l]ncurotonsin specific binding to neurotensin NT, and NT, receptors was determined on rat brain sections by autoradiography, in 
the presence (+ levo) or absence (- levo) of levocabastinc (1 ;ttM). The occlusion of neurotensin NT2 receptors by levocabastinc allowed detection of 
NT| receptors. The difTercnec between binding in the absence and in the presence of levocabastinc represents binding to NTj receptors. Optical densities 
were measured bilaterally on 4 brain sections per level and expressed as incan ± S.E.M. nCi/mg tissue. 
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determined with 2 nM radioligand. Analysis of competi- 
tion studies performed on rat midbrain sections showed 
that SR 142948 A, SR 48692 and neurotensin induced a 
dose-dependent and complete inhibition of [ H]SR 
142948A binding (data not shown). 

Fig. 8 shows the regional distribution of [ H]SR 
142948A and ['^^Ijneurotensin binding sites in the rat 
brain. The highest density of [^H]SR 142948 A and 
['"'l]neurotensin binding was present in the midbrain, in 
the ventral tegmental area and substantia nigra pars com- 
pacta. Intense labeling was also observed in the perirhinal 
area as well as in the dorsal peduncular, anterior cingulate 
and agranular insular cortices, posteromedial cortical 
amygdaloid nucleus, medial habenula and ventral dentate 
gyrus. The endopiriform nucleus, septohippocampal nu- 
cleus, central amygdaloid nucleus and zona incerta exhib- 
ited moderate levels of binding. Finally, a low density of 
binding sites was observed in the frontal, parietal, temporal 
and retrosplenial granular cortices, caudate putamen, nu- 
cleus accumbens, lateral septum, hypothalamus, hippocam- 
pus, substantia nigra pars reticulata and in the superficial 
gray layer of the superior colliculus. 

Table 1 shows the comparative distribution of [^H]SR 
142948A and ['"l]neurotensin binding sites in the rat 
brain, in the presence or absence of levocabastine. An 
excellent correlation between the regional distribution of 
the two ligands was observed, in agreement with the 
autoradiographic localization of neurotensin receptors in 
rat brain described previously (Moyse et al., 1987). The 
presence of levocabastine in the incubation buffer inhibited 
binding to neurotensin NT, receptors and decreased the 
amount of labeling with ['hISR 142948A and ['"l]neuro- 
tensin in all brain regions studied, indicating that both 
ligands labeled neurotensin NT, and NT, receptors. This 
result is in agreement with the ubiquitous distribution of 
NT, receptors in the rat brain (Schotte et al., 1986). 



4. Discussion 

The binding of the nonpeptide neurotensin receptor 
antagonist ['hJSR 142948A to rat brain membranes was 
rapid, tissue concentration and time dependent, saturable 
and reversible. Scatchard analyses of saturation experi- 
ments indicated that [^H]SR 142948A binds with high 
affinity (/Cj = 3.5 nM) and apparently recognizes a single 
class of binding sites. The number of sites labeled by 
pH]SR 142948 A (S„,, = 508 fmol/mg protein) was 80% 
greater than the value determined with ['H]neuro- 

tensin under the same experimental conditions (297 
fmol/mg protein). Competition experiments with unla- 
beled SR 142948 A yielded a Hill coefficient near unity, 
further suggesting that the antagonist bound to an appar- 
ently homogeneous population of binding sites. 

The potencies of the neurotensin receptor antagonists 
SR 142948A and SR 48692 in inhibiting specific pH]SR 



142948A binding (A:i = 5 and 123.6 nM, respectively) 
were similar to their previously reported potencies in 
displacing ['^'l]neurotensin binding in adult rat brain ho- 
mogenates (IC50 = 3.96 and 82 nM for SR 142948 A and 
SR 48692, respectively) (Gully et al., 1997). In contrast, 
the potency of the natural peptide agonist neurotensin for 
inhibiting [^H]SR 142948A binding (A:i = 32.8 nM) was 
10-fold lower than its potency in displacing ['"l]neuro- 
tensin binding (ICjo = 3.2 nM). This is consistent with 
results obtained with other receptor systems, demonstrating 
that estimates of agonist affinity are lower when an antago- 
nist rather than an agonist radioligand is displaced. Indeed, 
a reduced potency for agonists to compete against radiola- 
beled antagonist ligands has been observed previously for 
neurotensin receptors in the guinea pig brain (Betancur et 
al., 1995), as well as for muscarinic cholinergic receptors 
(Waelbroeck et al., 1982), cholecystokinin CCK^ (Chang 
et al., 1986; Talkad el al., 1994) and CCKg receptors 
(Chang et al., 1989), tachykinin NK, receptors (McLean et 
al, 1991) and 5-HT, receptors (Teitler et al., 1990). These 
findings have been interpreted as indicating the existence 
of different conformational states of the same receptor, 
with different affinities for agonist and antagonist ligands 
(Schwartz et al., 1995). 

The higher number of receptors detected with [■'H]SR 
142948A when compared with the number detected with 
the agonist radioligand, [^H]neurotensin, also supports this 
hypothesis. The ability of radiolabeled nonpeptide antago- 
nists to recognize a larger number of receptors, character- 
ized by low affinity for the agonist, than agonist-derived 
radioligands appears to be a common phenomenon. For 
instance, we showed previously thai in the guinea pig brain 
the number of binding sites labeled by the antagonist 
[^H]SR 48692 exceeded by 20-fold the number of recep- 
tors labeled with the agonist ['"ijneurotensin (Betancur et 
al., 1995). The binding sites detected by [^H]SR 48692 
were characterized by a low affinity for neurotensin and 
were insensitive to GTP, suggesting that they represent the 
uncoupled form of the neurotensin receptor. These data, 
together with current hypotheses on the molecular interac- 
tions of ligands with their receptors, suggest that agonists 
bind with high affinity to the active receptor conformation, 
whereas antagonists bind with higher affinity to the inac- 
tive conformation (Schwartz et al., 1995). Thus, peptide 
agonists and nonpeptide antagonists act as allosteric com- 
petitive ligands by binding in a mutually exclusive fashion 
to sites occurring in different receptor conformations. In 
support of this model, recent site-directed mutational stud- 
ies of the rat neurotensin NT, receptor showed that muta- 
tions in the N-temiinal part eliminate neurotensin binding 
without affecting the binding of ['H]SR 48692 (Labbe-Jul- 
lie et al., 1995). This finding suggests the existence of 
distinct agonist and antagonist binding domains on the 
neurotensin NT, receptor, similarly to what has been re- 
ported for several other neuropeptide receptors (for review, 
see Betancur et al., 1997). 
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Levocabastine is a nonpeptide antagonist of histamine 
H| receptors that is structurally unrelated to neurotensin 
(Stockbroekx et al., 1986), but binds also to neurotensin 
NTj receptors (Schotte et al., 1986). The recent cloning of 
the mouse NT, receptor and its expression in Xenopus 
oocytes indicated that levocabastine acts as an agonist in 
this system, since it triggers a CI" inward current, as does 
neurotensin (Mazella et al., 1996). Saturation and competi- 
tion experiments performed with or without levocabastine 
indicated that ['H]SR 142948 A bound with high affinity to 
neurotensin NT, and NTj receptors (K^ = 3A and 8.5 nM, 
respectively). Indeed, the addition of levocabastine to the 
[^H]SR 142948 A binding assay caused a parallel leftward 
shift of the Scatchard plot, indicating the displacement of 
[^H]SR 142948 A binding from levocabastine-sensitive NTj 
receptors. The similar affinity of pH]SR 142948 A for both 
subtypes of neurotensin receptors explains the apparently 
homogeneous population of binding sites detected with 
this ligand in the absence of levocabastine. Moreover, our 
results indicate that neurotensin NTj receptors constitute 
80% of the whole population of sites labeled by [^H]SR 
142948A = 104 and 422 fmol/mg protein for NT, 
and NT, receptors, respectively) on rat brain membranes. 

Guanyl nucleotides differentially affect agonist and an- 
tagonist binding in several neurotransmitter receptor sys- 
tems. Accordingly, guanyl nucleotides have been reported 
to significantly reduce ['"l]neurotensin binding to NT, 
receptors, by interfering with the formation of the high-af- 
finity agonist-receptor-G protein ternary complex (Her- 
mans et al., 1996). In contrast, the present study showed 
that addition of Gpp(NH)p had no effect on specific 
['H]SR 142948A binding. This finding is consistent with 
previous data showing that antagonist ligands bind with 
high affinity to the G protein-uncoupled state of receptors 
(Teitler et al, 1990; Rosenkilde et al., 1994; Betancur et 
al., 1995). It should be noted, however, that the levocabas- 
tine-sensitive neurotensin binding site is insensitive lo 
GTP (Vincent, 1995), although recent data indicate that the 
cloned mouse neurotensin NT, receptor is coupled func- 
tionally to phospholipase C when expressed in oocytes 
(Mazella et al., 1996). Other studies have shown that an 
absence of GTP-sensitive binding does not necessarily 
indicate failure to activate a second messenger cascade 
(Chung et al., 1988; Maeda et al., 1990; Hermans et al., 
1996). 

The different sensitivity to Gpp(NH)p of neurotensin 
NT, and NT, receptors is particularly interesting in view 
of the fact that the lowest homology between the two 
neurotensin receptors is in their third cytoplasmic loop and 
C-terminal domain (Chalon et al, 1996; Mazella et al., 
1996), two regions implicated in the coupling to G proteins 
(Yamada et al., 1994; Hermans et al., 1996). Furthermore, 
it has been proposed that the extremely high number of 
Ser/Thr residues in the third intracytoplasmic loop and the 
C-terminal domain of the neurotensin NTj receptor protein 
could be associated with a basal phosphorylated state 
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resulting in desensitization of the receptor (Mazella et al., 
1996). This could result in a higher proportion of receptors 
in the uncoupled form expressed in the membrane and 
might explain the insensitivity of the NTj receptor to GTP 
analogs. The use of recently developed radiolabeled ago- 
nist ligands specific for the G protein-coupled state of 
neurotensin receptors (Gaudriault et al., 1996), in the 
presence or absence of levocabastine, could help to deter- 
mine the different states of coupling of neurotensin NT, 
and NT2 receptors. 

The autoradiographic distribution of [^H]SR 142948 A 
binding in sections of rat brain was consistent with its 
selective binding to neurotensin receptors. The heteroge- 
neous pattern of specific [^H]SR 142948A binding closely 
matched the localization of ['"ijneurotensin binding ob- 
served in adjacent sections. The addition of levocabastine 
to the incubation buffer resulted in a small and diffuse 
reduction of ['H]SR 142948A and ['-^l]neurotensin bind- 
ing in all brain structures studied, in agreement with 
previous studies indicating that neurotensin NTj receptors 
are distributed throughout the rat central nervous system 
(Schotte et al., 1986; Kitabgi et al., 1987) and are predomi- 
nantly associated with glial cells (Schotte et al, 1988). The 
ubiquitous distribution of neurotensin NT, receptors con- 
trasts with the highly regional localization of NT, recep- 
tors in the brain. Indeed, NT, receptors are particularly 
abundant in brain regions rich in dopamine neurons, such 
as the substantia nigra and the ventral tegmental area, as 
well as in certain cortical areas. These results are in 
agreement with the previously described distribution of 
['"l]neurotensin binding (Moyse et al., 1987) and neu- 
rotensin NT, receptor mRNA (Nicot et al., 1994) observed 
in the rat brain. 

The functional characterization of the actions of SR 
142948 A in the central nervous system showed that this 
compound, like the first-generation neurotensin receptor 
antagonist SR 48692, antagonizes the turning behavior 
induced by intrastriatal injection of neurotensin in mice as 
well as acetylcholine release evoked by neurotensin in the 
striatum (Gully et al., 1993, 1997). Neither compound 
modified dopamine release in the nucleus accumbens after 
injection of neurotensin into the ventral tegmental area 
(Steinberg et al„ 1994; Gully et al., 1997). However, 
unlike SR 48692, SR 142948 A blocked the hypothermia 
and analgesia induced by central injection of neurotensin 
in rodents (Gully et al., 1997). These results suggest that 
SR 142948 A may interact with a neurotensin receptor 
subtype which is not blocked by SR 48692. It would be 
interesting to assess the potential involvement of the re- 
cently identified neurotensin NT, receptor in the mediation 
of the hypothermia and anti-nociceptive effects induced by 
neurotensin. 

In conclusion, [^H]SR 142948A represents a new potent 
nonpeptide antagonist radioligand specific for neurotensin 
receptors. The compound binds to rat neurotensin NT, and 
NT2 receptors with nanomolar affinity, close to that of the 



76 



C. Betancur etal./ European Jownal of Pharmacology 343 (1998) 67-77 



natural ligand neurotensin. The ligand previously de- 
scribed, ['H]SR 48692, exhibits a higher affinity for NT, 
than for NT, receptors and has a low ratio of total binding 
to nonspecific binding in rat brain membranes and tissue 
sections, which limits its utility. Consequently, the avail- 
ability of pH]SR 142948A provides a valuable tool for the 
study of neurotensin receptors in the central nervous sys- 
tem. 
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ABSTRACT We describe the characteristics of SR 48692, 
a selective, nonpeptide antagonist of the neurotenrin recqrtw. 
In vitro, this compound competitively Inhibits ""I-labeled 
neurotensin binding to the high-afiBnIty bfaiding dte present in 
brain tissue from various species with ICso values of 0.99 ± 0.14 
nM (guinea pig), 4.0 ± 0.4 nM (rat mesencephalic cells), 7.6 ± 
0.6 nM (COS-7 cells transfected with the cloned high-afBnity 
rat brain receptor), 13.7 ± 0.3 nM (newborn mouse brain), 
17.8 ± 0.9 nM (newborn human brain), 8.7 ± 0.7 nM (adult 
human brain), and 30.3 ± 1.5 nM (HT-29 cells). It also 
displaces '"I-labeled neurotensin from the low-afBnity levo- 
cabastine-sensitive binding sites but at higher concentrations 
(34.8 ± 8.3 nM for adult mouse brahi and 82.0 ± 7.4 nM for 
adult rat brahi). In guinea pig striatal slices, SR 48692 blocks 
K'^-evoked release of [^H]dopamine sthnulated by neurotensfai 
with a potency (ICso = 0.46 ± 0.02 nM) that correlates with its 
bhuling afiinity. In a cell line derived from a human colon 
carcinoma (HT-29), SR 48692 competitively antagonizes neu- 
rotensin-hiduced intracellular Ca^^ mobilization with a pAi 
(-log K^) vahies of 8.13 ± 0.03, which is consistent with 
results obtained in binding studies. Moreover, SR 48692 is 
devoid of any intrinsic agonist activity. This compound is also 
active in vivo, since it reverses at low dose (80 MS/^g) the 
turning behavior hiduced by intrastriatal ii^ection of neuro- 
tensin in mice with similar potency whatever the route of 
administration (i.p. or orally) and with a long duration of 
action (6 hr). Thus, being a potent and selective neurotoisin 
receptor antagonist, SR 48692 may be considmd as a powerful 
tool for investigating the role ot nenrotensin in ptayskiiogical 
and pathological processes. 



Neurotensin (<Glu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg- 
Pro-Tyr-Ile-Leu) was discovered in bovine hypothalamus (1) 
and subsequently shown to be widely distributed in the 
central nervous system (2, 3) and in the digestive tract (2, 4) 
of mammals. Neurotensin acts as a neuromodulator in the 
brain (5) and, in particular, as a modulator of dopamine 
transmission in the nigrostriatal and mesocorticoUmbic sys- 
tems (6, 7). It has neuroendocrine actions such as the 
mediation of the preovulatory surge (8, 9). In addition, 
neurotensin exerts potent hypothermic and analgesic effects 
when injected into the central nervous system (10, 11). In the 
periphery, it acts as a paracrine and endocrine modulator of 
digestive functions (4, 12) and produces numerous effects on 
the cardiovascular system of mammals (13). 

Neurotensin interacts with specific membrane receptors 
that have been characterized in a number of tissues and cell 
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lines of peripheral and central origins (for a review, see ref. 
14). So far, structure-activity studies have not provided 
conclusive evidence for the existence of neurotensin receptor 
subtypes (14). However, adiilt rat and mouse brains have 
been shown to contain, in addition to high-affinity neuroten- 
sin receptors, low-affinity levocabastine-sensitive binding 
sites (15, 16). Whether these sites could mediate some 
neurotensin effects remains to be elucidated (16). The main 
transduction system coupled to high-affinity neurotensin 
receptors in a variety of systems appears to be the guanine 
nucleotide-binding regulatory protein-dependent stimulation 
of phosphoiipase C leading to an increase in intracellular 
calcium (17). Recent cloning, sequencing, and expression of 
the high-affinity levocabastine-insensitive neurotensin recep- 
tor from rat brain has indeed revealed that it belongs to the 
family of guanine nucleotide-binding regulatory protein- 
coupled receptors (18). 

Despite the synthesis of neurotensin analogues, none of 
these compounds exhibited antagonist properties (14). The 
present report describes the biochemical and pharmacological 
properties of SR 48692 {2-[(l-(7-chloro-4-quinoUnyl)-5-(2,6- 
dimethoxyphenyl)pyrazol-3-yl)carbonylaniino]tricyclo(3.J. 
l.l.'-^ecan-2-carboxylic acid}. 




SR 48692 

a potent and selective nonpeptide antagonist of neurotensin 
receptors, which was obtained by optimization of a lead 
compound discovered by random screening of several thou- 
sand chemicals. 

MiATERIALS AND METHODS 
Materiak. SR 48692 was synthesized at Sanofi Recherche 
(MontpeUier, France) and solubilized in dimethyl sulfoxide 
for all experiments. Mono[i"I]iodo[Tyr']neurotensin(i2^I- 
neurotensin; 2000 Ci/mmoi; 1 Ci = 37 GBq) was prepared as 
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Table 1. ICjo values and Hill coefficients (nn) for the 
binding by unlabeled neurotensin and SR 48692 in various 



inhibition of specific '^I-neurotensin 



Sample 


ICjo.nM 


"H 


IC».nM 


"H 




2.8 ± 1.6 


0.95 ± 0.05 


0.99 ± 0.14 


1.15 ± 0.13 


Adult ret brain 


3.2 ±0.5 


0.89 ± 0.03 


82.0 ±7.4 


0.67 ± 0.09 


Rat mesencephalic cells 


0.63 ± 0.16 


0.89 ± 0.06 


4.0 ±0.4 


0.91 ± 0.07 


IVansfected COS-7 ceUs 


0.15 ± 0.(tt 


0.74 ± 0.10 


7.6 ±0.6 


0.95 ± 0.14 


Newborn mouse brain 


0.30 ± 0.02 


0.86 ± 0.08 


13.7 ±0.3 


0.97 ± 0.09 


Adult mouse brain 


2.0 ±0.0 


0.92 ± 0.06 


34.8 ±8.3 


0.51 ± 0.08 


Newborn human brain 


0.31 ± 0.04 


0.81 ± 0.09 


17.8 ±0.9 


1.05 ± 0.12 


Adult human brain 


1.6 ±0.4 


0.75 ± 0.09 


8.7 ±0.7 


0.83 ± 0.06 


HT-29ceUs 


0.26 ± 0.04 


0.75 ± 0.13 


30.3 ±1.5 


1.01 ± 0.16 



h value represents the n 



n ± SE from at least three separate experiments performed in 



described (19). h 



\s purchased from Neosystem 



L^ratories. All other chemicals were fix>in commercial 

sources. 

Cefl Cnttnre. MesencephaUc cells from brains of embry- 
onic Wistar rats (day IS) and the human colon carcinoma 
HT-29 and the mammalian fibroblast COS-7 cell lines were 
grown as described (20, 21). 

TnMHfectiai <rf COS-7 Cells. The Hindlll-Noi I fragment 
coding for the high-affinity rat brain receptor (gift of S. 
Nakanishi; see ref. 18) was ligated into the Hindlll-Not I 
cloning site of the CDM 8 vector and transfected into COS-7 
cells by the DEAE-dextran precipitation method (22). 

PreparatioD of TInae HoBftognuites. Whole brain homoge- 
nates frx>m 7-day-old and adult mice, guinea pig, adult rat, and 
newborn human (whole brain of a 32-day-old ntale infant who 
died from sudden infant death syndrome and dissected out 
less than 48 hr after death) and cortical regions of an adult 
male human brain (dissected 10 hr after death) were prepared 
as reported (23). Cell homogenates from confluent HT-29 
cells were prepared as described (21). Membranes from 
COS-7 cells were prepared sioiilarly 48-72 hr after transfec- 
tion. 

Bindiiig AsHiyB. All binding assays with tissue homoge- 
nates were carried out at 20°C in 50 mM Tris-HQ buffer (pH 
7.5) containing 0.2% bovine serum albumin, and 1 mM 
1,10-phenanthroline (newborn mouse and human brain, 
COS-7 cells, and HT-29 cells) or 0.1% bovine serum albumin, 
bacitracin (40 mg/liter), 1 mM EDTA, 5 mM dithiothreitol, 
and 1 mM 1,10-phenanthroline (guinea pig, adult rat, adult 
mouse, and adult human brain) in the presence of ^"I- 
neurotensin (0.05-0.10 nM) and various concentrations of 
protein (0.01-0.30 mg per tube). Total, nonspecific, and 
specific binding was measured at equilibrium by the filtration 



technique as described (19, 21). Binding experiments with rat 
mesencephalic neurons (500,000 cells per well) were carried 
out at 37°C as reported (20). 

Aatoradiognpilk Stadies. Coronal sections (20 fim thick) 
firom guinea pig midbrain were incubaited with "'I- 
neurotensm and processed for fihn autoradiography as re- 
ported for rat brain sections (24). 

Sapciftasloa Experiments. Striatal slices fitnn male guinea 
pig (350 ftm) were preincubated 30 min with 120 nM 
pHldopamine in Krebs buffer containing 1 iM patgyline, 1 
mM ascorbic acid, and 0.1 fiM desipramine, saturated with 
5% CO2 in O2, and then supeifiised in a chaniber at a rate of 
0.5 ml/min with Krebs buffer containing bacitracin (40 mg/ 
liter), 5 mM dithiothreitol, and 0.1 mM 1,10-pfaenanthroline. 
After a 45-min wash period, two 3-min fractions were col- 
lected to measure basal release. Neurotensin was introduced 
during the fifth cdlection period and was present until the end 
of the experiment. SR 48692 (0.1-10 nM) was added 6 min 
prior to neurotennn. Release of pH]dopamine was stimu- 
lated by superfiision for 3 min with buffer containing 20 mM 
K+. 

iBtraolhriar Ca^*** Measorements. Subconfluent plated 
HT-29 cells were loaded for 90 min at 3TC with 5 fM indo-1 
AM in complete culture medium. The cells were trypsinized, 
washed, and diluted in incubation medium (140 mM NaCl/5 
mM KCl/0.9 mM MgCl2/1.8 mM CaQt/S mM glucose, pH 
7.4) to about 50,000 cells per ml. Indo-1 fbwrescence was 
assayed by flow cytometry using an ATC 3000 cell sorter 
(Odam-Brucker, Wissembourg, France). The ratio of iado-l 
violet/blue fluorescence was calculated for each individual 
cell. Neurotensin was added 1 min after 1% (vol/vol) di- 
methyl sulfoxide (final concentration) or SR 48^, and the 




Fio. 1. Inhibition of ^^I-neurotensin-specific binding to adult rat brain 
Each value is represented as the mean ± SE of three detmninations in the absence (□) and in the 
cases, the SE values were smaller than the corresponding symbols. 



Pharmacology: Gully et al. 



Proc. Natl. Acad. Sci. USA 90 (1993) 67 




TOTAL SR 48692 10'^ M 



SR 48692 10-* M NT lO""' M 

Fig. 2. SR 48692 antagonism of '^I-neurotensin labeling on coronal sections from guinea pig midbrain. ^"I-Neurotensin (0.1 nM) was 
incubated in the absence (TOTAL) or in the presence of two concentrations of SR 48692 (10~* and 10~* M) or with unlabeled neurotensin (NT; 
10~' M). A light labeling is still visible in both the substuitia nigra and ventral tegmental area in the presence of unlabeled neurotensin, whereas 
labeling has totally disappeared in the presence of the same concentration of SR 48692. SN, substantia nigra; VTA, ventral tegmental area; Hi , 
hippocampus. 



maximal neurotensin-induced increase in the fluorescence 
ratio was determined. 

Turning Behavior in Mice. Turning behavior induced by 
unilateral intrastriatal neurotensin injection (10 pg in 1 /il) 
was performed in conscious, female CDl mice (Charles River 
Breeding Laboratories) according to Worms et al. (25). The 
number of complete contralateral rotations was visually 
recorded and accumulated over three periods of 2 min (3-5, 
6-8, and 9-11 min) postiiyection. SR 48692 (20, 40, and 80 
ng/kg) was administered i.p. or orally (p.o.) 30 and 60 min 
before intrastriatal injection, respectively. In addition, a 
time-course study was performed with SR 48692 at 80 msAs 

(P.O.). 

RESULTS 

Binding Stadies. SR 48692 totally inhibited the specific 
binding of ^^I-neurotensin to homogenates from adult guinea 
pig brain, rat mesencephalic cells, COS-7 cells transfected 
with the cDNA coding for the high-affinity rat brain neuro- 
tensin receptor, newborn mouse brain, newborn and adiilt 
human brains, and human colon carcinoma HT-29 ceils. In 
these various models, SR 48692 exhibited ICso values (means 
± SE) ranging between 0.99 ± 0. 14 nM (adult guinea pig brain 
membranes) and 30.3 ± 1.5 nM (HT-29 cell membranes), with 
Hill coefficients close to unity (Table 1). However, SR 48692 
inhibited the specific binding of i^I-neurotensin in adult rat 
brain and adult mouse brain with higher ICjo values (82.0 ± 

7.4 and 34.8 ± 8.3 nM, respectively) and lower Hill coeffi- 
cients (0.67 ± 0.09 and 0.51 ± 0.08), which are consistent 
with the recognition by SR 48692 of both high- and low- 
affinity sites in the adult rat and mouse brains. In the presence 
of 10 ixM. levocabastine, which recognizes only the low- 
affinity neurotensin sites, the IC50 obtained with SR 48692 in 
rat and mouse brain were much lower (5.0 ± 1.5 and 5.7 ± 

1.5 nM, respectively), and Hill coefficients were close to 
unity, which indicates that this compound is more potent on 
the high-affinity than on the low-affinity binding sites in adult 
murine brains (Fig. 1). The high degree of selectivity of SR 
48692 for neurotensin receptors was demonstrated by its lack 



of activity in several binding assays with nonpeptide (dopa- 
mine Di and D2, ai- and a2-adrenergic, serotonin 5-HT2, 
muscarinic Mi and M2, histamine Hi, and n, 8, k, and o-opiate 
receptors) and peptide (cholecystokinin A and B, [Ailg^Jvaso- 
pressin, bradykinin, neuropeptide Y, and neurokinin 1 and 2) 
iigands (data not shown). 

Autoradiograpliic Studies. Data presented in Fig. 2 show a 
high labeling of both substantia nigra pars compacta and 
ventral tegmental area by '"I-neurotensin in the guinea pig 
brain. In the pars reticulata of the substantia nigra, several 
labeled processes seemed to radiate from cells in the pars 
compacta. Similar to what was observed in the rat (24)< the 
most internal layers of the cortex, the cortical nucleus of the 



Fractional (3H) DA release 




[SR 48692], log M 



Fig. 3. SR 48692 antagonism of the stimulation by neurotensin of 
K-^-evoked release of pH]dopamine from striatal guinea pig slices. 
Results, expressed as percent inhibition of neurotensin effect, were 
the mean ± SE from three experiments performed in triplicate. (★. 
P < 0.05 vs. neurotensin group; Dunnett's test). (Inset) Dose- 
response curve for the neurotensin effect on 20 mM K-^-stimulated 
release of pH]dopamine. Dopamine release was expressed as per- 
cent of radioactivity present in the superfiision medium. 



Pharmacology: Gully et al. 




Fig. 4. Antagonism by SR 48692 of the neurotensin-induced 
calcium mobilization in HT-29 cells. (A) Concentration-response 
curves for neurotensin-induced calcium increase in HT-29 cells in the 
absence (•) or presence of SR 48692 at 3 (0), 10 (♦), 30 (O), 100 U), 
and 300 nM (a). The results are expressed as the percent of the 
maxima] increase over the basal fluorescence ratio induced by 
neurotensin. (B) Corresponding Schild plot for the antagonistic effect 
of SR 48692. The data are from a typical experiment. DR-1, dose ratio 
minus one. 

amygdala as well as the pyramidal layer of the hippocampal 
formation and the granular cells of the dentate gyrus, mainly 
in its ventral portion, showed high densities of neurotensin 
binding sites . The addition of increasing concentrations of SR 
48692 produced dramatic decreases in the density of the 
"^I-neurotensin labeling in all structures. Incubation with 
either neurotensin or SR 48692 (1 /iM) resulted in the 
complete loss of the labeling and, in contrast to what was 
observed with unlabeled neurotensin at the same concentra- 
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tion, autoradiograms are almost indiscernible from the film 
background (Fig. 2). 

Stiniiilation of the K+'Evoked Release of [^HlDopamine 
from Guinea Pig Striatal Sikcs. Addition of 1-100 nM neu- 
rotensin to the superfiision medium caused an enhancement 
of the K'*^-stimulated (but not basal) release of [^H]dopamine 
(Fig. 3 Inset), The stimulatory effect (132.7% ± IS.4%; mean 
± SE) produced by 10 nM neurotensin was dose-dependently 
counteracted by SR 48692 (IC50 = 0.46 ± 0.02 nM; Fig. 4). Up 
to 100 nM SR 48692 did not significantly affect the sponta- 
neous and K'^-evoked release of pH]dopamine by itself, 
indicating a lack of agonistic activity of the compound (data 
not shown). 

Cf^* MbbBiEation in flT-29 Cells. As previously reported 
(21, 26), neurotensin induced a concentration-dependent 
mobilization of Ca^+ in HT-29 cells. Increasing concentra- 
tions of SR 48692 produced parallel rightward shifts of the 
neurotensin dose-response curve (Fig. 4A). In the course of 
three experiments, EC50 values for neurotensin were 4.8 ± 
0.7, 6.9 ± 0.9, 11.3 ± 2.2, 21.7 ± 0.3, 58.3 ± 4.4, and 140 ± 
20 (mean ± SE in nM) in the absence and presence of 3, 10, 
30, 100, and 300 nM SR 48692, respectively. Schild plot 
analysis of the data such as those shown in Fig. 4B yielded 
pAz (-log iCapp) and Ki values for SR 48692 of 8.13 ± 0.03 and 
7.4 ± 0.6 nM, respectively, with a slope of 0.91 ± 0.07. 

Taming Be|uivior. The mean number of contralateral ro- 
tations induced by 10 pg of intrastriatal ii\jection of neuro- 
tensin was 13.1 ± 1.9. These rotations were found to be 
insensitive to spiroperidol and 6-hydroxydopamine lesions 
(data not shown). SR 48692 administered i.p. or p.o. reduced 
the neurotensin-induced turning; 80% antagonism was ob- 
served at 80 fig/kg (Fig. 5 Inset). The time-course study 
performed with SR 48692 at 80 /ig/kg (p.o.) revealed a 
significant effect (-35%) as soon as 30 min after injection; 
maximal antagonism (-85%) was observed between 1 and 2 
hr postinjection. Furthermore, SR 48692 did not reduce 
cholecystokinin-induced turning even at high concentrations 
(data not shown), indicating that the antagonistic effect of this 
compound was specific to neurotensin. 



DISCUSSION 

In the present study, we describe and characterize a potent 
and selective nonpeptide neurotensin antagonist: SR 48692. 
This compound potently inhibited '"I-neurotensin binding in 
models in which only high-affinity neurotensin receptors are 




SR 48692 80 ug/Kg per os 



Fig. S. Antagonism by SR 48692 of the turning t>ehavior induced by intrastriatal injection of neurotensin (10 pg per mouse, 12 mice per group): 
dose-effect relationship (Inset) and time-course study after oral administration. Data are the mean ± SE (Dunnett's t-test; *, P < O.OS). 
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present such as newborn mouse and human brain (27, 28), 
HT-29 cells (21), rat mesencephalic neurons (20), and COS-7 
cells transfected with the cloned high-aifinity rat brain re- 
ceptor (18). SR 48692 also potently inhibited i^si-neurotensin 
binding to the high-affinity binding sites in adult rat and 
mouse brain homogenates, whereas it was much less potent 
at the low-afTinity, levocabastine-sensitive binding sites that 
are also present in these preparations (16). The IC50 of SR 
48692 for binding to adult rat brain homogenates in the 
presence of levocabastine was similar to that for binding to 
the cloned high-afTmity rat brain receptor. FinaUy, SR 48692 
was even more potent than unlabeled neurotensin in binding 
to guinea pig brain tissues as shown by both radioreceptor 
assay and autoradiographic techniques. 

Consistent with the existence of neurotensin binding sites 
on terminals of the nigrostriatal dopaminergic pathway (29, 
30), neurotensin was shown to promote an increase in K"^- 
evoked release of pHJdopamine from rat, cat, and rabbit 
striatal slices (31-33). This observation was extended here to 
guinea pig striatal slices. SR 48692 was without effect on 
basal and K'^-evoked dopamine release, but completely 
antagonized the effect of neurotensin on K^-stimulated do- 
pamine release with a potency similar to its affinity for guinea 
pig brain receptors. 

Neurotensin has previously been reported to stimulate 
Ca^"^ mobilization through an increase in inositol phosphates 
in the human colon carcinoma HT-29 cell line (21, 26). 
Binding experiments and intracellular Ca^+ measurements 
showed that SR 48692 acted as a potent and fiill competitive 
antagonist of the neurotensin-induced Ca^* response in this 
system. 

Evidence suggests that neurotensin receptors located 
postsynaptically to, rather than on, dopamine neurons may 
be involved in some behavioral changes produced by central 
injection of neurotensin (34, 35). In a well-defined cholecys- 
tokinin model (25), we found that unilateral iqjection of 
neurotensin into the striatum of unrestrained mice produced 
dopamine-independent circling behavior. SR 48692 (80 /ag/kg 
i.p. or p.o.) was able to antagonize this effect of neurotensin. 
These data demonstrate that SR 48692 has a good oral 
bioavailability and strongly support the conclusion that the 
antagonist can cross the blood-brain barrier. 

In summary SR 48692, a nonpeptide antagonist of neuro- 
tensin receptor may be very useful in experiments to design 
the physiological and putative pathological roles of neuro- 
tensin. 
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Monoiodo-['^*I-Tyr']neurotensin (NT) bound to a high affinity, low capacity binding component and a lower 
affinity, high capacity component in rat brain synaptic membranes. The antihistamine H, agent levocabastine, which 
bears no structural relationship to NT, selectively and totally inhibited NT binding to its low affinity binding sites. 
The IC50 for levocabastine was 7 nM. Lowering the temperature of the binding assay from 25 to 4°C markedly 
reduced the affinity of the high affinity NT binding site but did not affect the ability of levocabastine to discriminate 
between high and low affinity NT binding sites in rat brain membranes and tissue sections. Radioautographic studies 
of ('^*I-Tyr"']NT binding to rat brain tissue sections in the absence and presence of levocabastine revealed markedly 
different regional distributions of the two NT binding components. The levocabastine-sensitive NT binding site was 
present in membranes from rat and mouse brain but absent from rabbit brain membranes and from human brain 
tissue sections. It was also absent from mouse neuroblastoma N1E115 and human colonic adenocarcinoma HT29 cell 
membranes, two cell lines which have previously been shown to possess NT receptors functionally coupled to 
intracellular second messenger-generating systems. These findings are discussed in the light of the known properties of 
the high and low affinity NT binding sites in rat brain. 

['"I-Tyr^Jneurotensin binding; Radioautography; Levocabastine; H, histamine receptor: Brain; (Rat) 



1. Introduction 

Neurotensin (NT), a brain and gut tridecapep- 
tide, fulfills all the major criteria that classify it as 
a neurotransmitter in the central nervous system 
(Elliott and Nemeroff, 1986). The demonstration 
that brain tissues contain specific NT receptors is 
central to this concept (Kitabgi et al., 1977; Uhl et 
al., 1977). In the past 10 years, there have been 
numerous radioreceptorassay " and radioauto- 
graphic studies on the pharmacological and bio- 
chemical properties and on the regional distribu- 

* To whom all correspondence should be addressed. 



tion of NT receptors in brain from various species 
including man (see Kitabgi et al., 1985 for review). 

The recent development of radioiodinated NT 
ligands with high specific radioactivity, i.e. mono- 
iodo-['"l-Tyr^,Trp'']NT and monoiodo-['^^I- 
Tyr^JNT has made it possible to detect in rat 
brain membranes two components of specific NT 
binding, a high affinity, low capacity, and a lower 
affinity, high capacity component (Mazella et al., 
1983; Sadoul et al., 1984b). Both components were 
quite similar with respect to their structural re- 
quirements toward a variety of NT analogues 
(Mazella et al., 1983; Kitabgi et al., 1985). The 
only difference reported so far for these two popu- 
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lations of NT binding sites, apart from their affin- 
ity and binding capacity, was the greater sensitiv- 
ity of the high affinity NT binding component to 
mono- and divalent cations and to guanyl nucleo- 
tides (Kitabgi and Vincent, 1986). 

This high affinity, low capacity component had 
previously escaped detection with [^H]NT as a 
ligand because of the relatively low specific radio- 
activity of this radiolabeled molecule (Kitabgi et 
al., 1977). However, it was recently reported that 
the potent antihistamine drug levocabastine was 
able to distinguish two components of [^H]NT 
binding in rat brain membranes (Schotte et al., 
1986). One component was displaced by submi- 
cromolar concentrations of levocabastine whereas 
the other component was insensitive to the drug. 
Obviously, it would be of great interest to know 
whether the levocabastine-sensitive and -insensi- 
tive [^H]NT binding components bear any rela- 
tion to the high and low affinity binding sites 
detected with radioiodinated NT. If so, levo- 
cabastine could represent a useful pharmacologi- 
cal tool for discriminating between high and low 
affinity NT binding sites and for characterizing 
further the properties of these two populations of 
sites. More generally, agents or conditions that 
would differentially affect high and low affinity 
NT binding sites, should prove useful in this re- 
gard. 

The present study describes the effects of levo- 
cabastine and temperature on the binding of 
monoiodo-[^^^I-Tyr^]NT to rat brain membranes. 
It is shown that both agents affect NT binding to 
its high and low affinity binding sites differen- 
tially. The discriminative property of levocabas- 
tine toward the two populations of NT binding 
sites made it possible to compare their anatomical 
distribution in rat brain tissue sections by means 
of radioautographic techniques. Finally the effect 
of levocabastine on NT binding was investigated 
in brain tissues from various species including 
man and in cell lines that possess NT receptors. 

2. Materials and methods 

2.1. Drugs and peptides 

Unlabeled NT was purchased from Peninsula 
Laboratories (California). Monoiodo-['^*I-Tyr^] 




Fig. 1. Chemical structure of levocabastine. 

NT was prepared at a specific radioactivity of 
2000 Ci/mmol as previously described (Sadoul et 
al., 1984b). Monoiodo-fTyr-'jNT has been shown 
to behave identically to unlabeled NT in a variety 
of biological and binding assays, including radio- 
receptor assays with rat brain membranes (Sadoul 
et al., 1984b). Levocabastine (R 50547) (fig. 1), a 
novel potent histamine (H^ ) antagonist, was from 
Janssen Pharmaceutica (Beerse, Belgium). All other 
reagents were of the best commercially available 
grade. 

2.2. Binding studies with rat brain membranes 

Purified rat brain synaptic membranes from 
adult male rats were prepared according to Jones 
and Matus (1974) and incubated (0.3-0.4 mg/ml 
of protein) at equilibrium for 20 min at 25 ° C or 
40 min at 4°C with ['^^I-Tyr^]NT and, when 
needed, with unlabeled NT and levocabastine in a 
final volume of 250 jxl of 50 mM Tris HCl buffer 
pH 7.5 containing 0.2% bovine serum albumin. 
Bound (B) NT was separated from free (F) by 
filtration as previously described (Mazella et al., 
1983). The saturation experiments at 25 °C from 
which Scatchard plots were derived were per- 
formed by incubating four concentrations of ['^^1- 
Tyr^JNT ranging from 10 to 100 pM then by 
adding increasing concentrations of unlabeled NT 
ranging from 0.05 to 25 nM to the highest con- 
centration (100 pM) of labeled peptide. Non- 
specific binding for each concentration of radio- 
ligand was evaluated in separate incubations in 
the presence of an excess (1 (iM) of unlabeled NT 
and was subtracted from total binding in order to 
obtain the specific binding. Saturation experi- 
ments at 4°C were performed similarly except 
that all concentrations of labeled and unlabeled 
NT were doubled. In competition experiments 
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with levocabastine, the concentration of labeled 
NT was 0.1 and 0.2 nM at 25 and 4''C, respec- 
tively. Curvilinear Scatchard plots were interpre- 
ted as indicating the existence of two populations 
of NT binding sites and were fitted by computer 
in order to obtain values for the binding parame- 
ters (dissociation constant and maximal bind- 
ing capacity ) for each class of sites (Mazella et 
al., 1983). For a given concentration of free ligand 
(L), the proportion p of bound NT associated with 
the high affinity binding sites could be calculated 
according to the relation 
1 

Kdh + L 

"° 1 B,./B^ ^"'^^""^ 
KaH + L K^,+L 

where (h) and (1) designate the binding parameters 
of the high and low affinity NT binding compo- 
nents, respectively. Linear Scatchard plots were 
fitted by linear regression analysis. 

2.3. Binding studies with rat brain tissue sections 

Coronal sections (thickness 20 jum) were cut 
from frozen adult male rat brains and processed 
for ['^^I-Tyr^]NT binding as previously described 
(Moyse et al., in press). Briefly, slide-mounted 
tissue sections were incubated at 4°C for 60 min 
with 0.1 nM monoiodo-['^^I-Tyr^JNT, without or 
with 1 fiM levocabastine in 50 mM Tris HCl 
buffer pH 7.5 containing 5 mM MgCIj, 0.2% 
bovine serum albumin, 500 /iM orthophenanthro- 
lin and 50 /iM bacitracin. Additional sections 
were incubated in the presence of 0.1 fiM un- 
labeled NT for determination of non-specific 
binding. After incubation, the sections were 
washed for 8 min at 4° C in four consecutive baths 
containing 40 mM Tris HCl buffer, pH 7.4. 

Film radioautograms were obtained by apposi- 
tion of the sections to ^H-Ultrofilm (LKB, France) 
for 3 weeks at room temperature in the dark. After 
development, quantitative optical density mea- 
surements were obtained and converted to femto- 
moles of NT bound per mg protein as described 
(Rostene and Mourre, 1985). 

In some experiments, the binding of ['•^'l- 
Tyr'^JNT to tissue sections was measured at 25°C 



after a 30 min incubation in the presence of 
varying concentrations of labeled and unlabeled 
NT. Radioactivity measurements were performed 
by wiping off the sections from the shdes with 
Schleicher and Schiill filters which were placed in 
plastic tubes and counted in a gamma counter 
(Rostene et al., 1986). Scatchard plots were 
analyzed as described above for brain membranes. 

2.4. Binding studies with other tissues 

Rabbit brain synaptic membranes were pre- 
pared as described above for rat brain mem- 
branes. The mouse brain particulate fraction was 
prepared as previously described for human brain 
(Sadoul et al, 1984b). Particulate fractions from 
neuroblastoma N1E115 cells and human colonic 
HT29 cells were prepared as previously reported 
(Bozou et al., 1985). Binding to human brain 
sections was obtained as previously described 
(Sadoul et al., 1984a). Binding experiments and 
Scatchard analysis were performed as described 
above for rat brain membranes. 



3. Results 

3. J. Effect of levocabastine on ['"l-Tyr^ ] NT bind- 
ing to rat brain membranes at 25°C 

As mentioned in the Introduction, purified rat 
brain synaptic membranes have been shown to 
contain two classes of NT binding sites which 
differ in their affinity and binding capacity. The 
and B^ values for each class of sites were 
averaged from the Scatchard analysis of 14 experi- 
ments performed over a period of two years with 
['^'l-Tyr^]NT as the radioligand. These mean val- 
ues as well as their range are shown in table 1. 

Figure 2 shows the Scatchard plot of a typical 
binding experiment performed at 25°C with ['^^I- 
Tyr^'jNT and rat brain synaptic membranes in the 
absence and presence of levocabastine. As ex- 
pected, the Scatchard plot obtained in the absence 
of the drug was curvilinear and yielded binding 
parameters for the high and low affinity NT bind- 
ing components (table 1) well within the normal 
range. A striking result is that in the presence of 1 




B,f mol/mg 

Fig. 2. Scatchard analysis of ['"l-Tyr']NT binding to rat 
brain synaptic membranes at 25 °C in the absence (O) and 
presence (•) of 1 jxM levocabasline, and at 4''C in the absence 
of levocabasline (□). The dashed lines represent the theoretical 
Scatchard plots of high and low affinity NT binding at 25°C 
in the absence of levocabasline. Points are from a typical 
experiment and are the means from triplicate determinations. 



/xM levocabasline, the Scatchard plot was linear 
and, moreover, virtually superimposed with the 
theoretical plot representing the high affinity com- 
ponent of ['^^I-Tyr^]NT binding (fig. 2). It was 
consistent with this that the binding parameters 
obtained in the presence of levocabastine were 
almost identical to those of the high affinity NT 
binding sites in the control experiment (table 1). 




[LEVOCABASTINE ] , Log M 

Fig. 3. Effect of increasing concentrations of levocabastine in 
inhibiting 0.1 nM [^^'l-Tyr'lNT specific binding to rat brain 
synaptic membranes at 25°C (O) and at 4°C (•). Points are 
from a typical experiment and are the means from triplicate 



These data demonstrate that levocabastine 1 fiM 
can totally inhibit the binding of ['^^I-Tyr-'']NT to 
its low affinity sites without affecting the binding 
to the high affinity sites. 

The effect of increasing concentrations of levo- 
cabastine on the binding of 0.1 nM ['^^j.-j-yp j 
to rat brain membranes at 25°C is shown in fig. 3. 
The antihistamine drug inhibited NT binding in a 
concentration-dependent manner. However only a 
fraction (28%) of the binding was inhibited at 
maximally effective concentrations (0.1-1 juM). 
Calculation according to equation 1 and based on 
the binding parameters shown in table 1 indicated 
that at 0.1 nM labeled ligand, 77 and 23% of 
bound ligand will be on the average associated 
with the high and low affinity NT binding compo- 
nents, respectively (see Materials and methods for 



TABLE 1 

Binding parameters of ['^'l-Tyr'lNT binding to rat brain synaptic membranes at 25° C in the absence or presence of levocabastine. 
Parameters were derived from Scatchard analysis of binding experiments such as that shown in fig. 2. Values are the means + S.F..M. 
of n experiments. 'Range' represents the lowest and highest values obtained for each parameter in 14 experiments, h and I refer to the 
high and low affinity NT binding sites respectively. 



Parameter 


Mean values (n = 14) 




Control (n = 3) 


Levocabastine, 1 )xM (n = 3) 


Kdh, nM 


0.15 ± 0.02 


0.06- 0.29 


0.16 ± 0.01 


0.17 ±0.015 


fmol/mg 


15.5 ± 1.1 


8.6 - 22 


16.7 ± 1.9 


16.6 ±3.5 


Kj,. nM 


7.2 ± 0.9 


3.4 - 16 


6.1 ± 1.1 




Bn.i. fmol/mg 


135.7 ±11.6 


97 -212 


191.0 ±11.8 
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the details of the calculation). These results are 
consistent with an interaction of levocabastine 
exclusively with the low affinity NT binding com- 
ponent. The IC50 value for levocabastine in in- 
hibiting ['^^I-Tyr^]NT binding to the low affinity 
sites was 7 ± 0.8 nM (n = 3). 

3.2. Effect of temperature on ['^^I-Tyr- ]NT bind- 
ing to rat brain membranes and tissue sections 

Figure 2 illustrates a typical Scatchard plot of 
('^^I-Tyr^JNT binding to rat brain membranes at 
4°C and compares it to that obtained at 25°C. It 
is striking that the plot was essentially linear and 
looked as though the high affinity binding compo- 
nent of NT was no longer detectable at 4°C. 
Linear regression analysis of data derived from 
three experiments at 4°C and similar to that 
shown in fig. 2 yielded a Kj value of 7.1 ± 0.8 nM 
and a B„ value of 154.7 ± 9.7 fmol/mg protein. 
These values resembled closely those found for the 
low affinity component of NT binding at 25 "C 
(table 1). 

This result could mean either that high affinity 
NT binding sites were lost at 4°C or that their 
affinity decreased in such a way that they could 
not be distinguished from the low affinity sites by 
Scatchard analysis. Levocabastine was used to test 
these two possibilities. In the first case, levocabas- 
tine should have been able to totally inhibit ['^^I- 
Tyr^]NT binding, while in the second case there 
should have remained a levocabastine-insensitive 
component of ['^^I-Tyr^]NT binding. The results 
in fig. 3 show that the latter hypothesis was cor- 
rect. Levocabastine inhibited in a concentration- 
dependent manner (IC50 = 7 + 1 nM, n = 3) the 
binding of 0.2 nM ['^^I-Tyr^]NT to rat brain 
synaptic membranes at 4°C. Although the anti- 
histamine drug inhibited a larger fraction of bind- 
ing at 4°C than at 25 °C (fig. 3) there still re- 
mained a significant proportion (40%) that was 
insensitive to the drug. Assuming that this propor- 
tion represents the fraction of bound ligand asso- 
ciated with the high affinity NT binding sites and 
that high and low affinity sites are present in the 
same ratio in membranes at 25 and 4°C, an 
average value of 1 nM could be calculated 
from equation 1 (see Materials and methods) for 



the high affinity sites at 4°C. This increase in 
value (bringing it closer to that of the low affinity 
sites) together with a low binding capacity could 
account for the difficulty of detecting the high 
affinity (levocabastine insensitive) NT binding 
sites at 4°C by Scatchard analysis. 

Previous studies of monoiodo-['^^I-Tyr^]NT 
binding to rat brain tissue sections indicated that, 
at 4°C, the peptide apparently bound to one 
population of sites (linear Scatchard plot) with 
and values of 7.7 ± 0.3 nM and 74 ± 4 fmol/mg 
protein, respectively (Moyse et al., 1987). The 
Scatchard plots obtained when binding of ['^^I- 
Tyr'']NT to tissue sections was studied at 25 °C 
were curvilinear (not shown). Computer analysis 
of the plots yielded and B^, values (n = 2) of, 
respectively, 0.19 nM and 7.7 fmol/mg protein for 
the high affinity binding component, and 15.6 nM 
and 60 fmol/mg protein for the low affinity com- 
ponent. These results, which are similar to those 
obtained with brain membranes, indicate that rat 
brain tissue sections contain both high and low 
affinity NT binding sites and that the high affinity 
sites are no longer detectable by Scatchard analy- 
sis at 4°C. 

3.3. Radioautographic studies 

Figure 4 shows radioautograms of ['^^I- 
Tyr'jNT binding to rat midbrain sections in- 
cubated without or with 1 juM levocabastine. Ta- 
ble 2 presents quantitative radioautographic mea- 
surements of ['^^I-Tyr']NT binding to sections 
made at different brain levels. The distribution 
pattern of NT binding sites in the absence of 
antihistamine agent (fig. 4A, table 2) was quite 
similar to that previously observed with [""HJNT 
and ['25j.7yr']NT (Young and Kuhar, 1981; Qui- 
rion et al., 1982; Moyse et al., 1987). 

It is apparent that, in the presence of levo- 
cabastine, ['^^I-Tyr']NT binding was decreased in 
wide brain areas including most of the cortex, the 
dorsal hippocampus, the thalamus and the globus 
pallidus (fig. 4B, table 2). In these brain areas, 
which display low to moderate levels of ['^^I- 
Tyr^JNT binding, levocabastine reduced the bind- 
ing to almost background levels. A few discrete 
regions with higher levels of NT binding e.g. the 
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various layers of the superior coUiculus showed a 
partial (about 50%) decrease in labeling intensity 
in the presence of levocabastine (fig. 4B; table 2). 
In contrast, NT labeling in discrete regions rich in 
NT binding sites such as the external plexiform 
layer of the olfactory bulbs, the rhinal sulcus, the 
posterior cortical amygdaloid nucleus, the ventral 
dentate gyrus, the substantia nigra and the ventral 
tegmental area was not affected by 1 jaM levo- 
cabastine (fig. 4B, table 2). 

3.4. Effect of levocabastine on ['"l-Tyr^ ]NT bind- 
ing in various species and cell lines 

Scatchard analysis of NT binding to mouse 
brain membranes revealed two populations of sites, 
one with high and one with low affinity. The 



values were 0.13 and 2.2 nM, and the respective 
values were 85 and 160 fmol/mg protein (n = 
2). Note the higher proportion of high affinity 
sites in mouse than in rat brain membranes. As in 
the rat brain membranes however, levocabastine 1 
/iM completely inhibited NT binding to the low 
affinity site without affecting binding to the high 
affinity site. 

In contrast, rabbit brain membranes contained 
a single levocabastine-insensitive population of NT 
binding sites with and values of 0.5 nM 
and 107 fmol/mg protein, respectively. 

A similar situation was found with membranes 
prepared form the mouse neuroblastoma NlEllS 
or the human colonic adenocarcinoma HT29 cell 
lines which both displayed a single population of 
high affinity NT binding sites (Kj values of 0.06 



Regional discribution of levocabastine-insensitive and -sensitive NT binding sites in rat brain. 





['"l-Tyr^lNT binding • 




['"l-Tyr']NT binding * 






Control 


Levocabastine, 1 fiM 




Control 


Levocabastine 


1 fiM 


Olfactory bulh 






Hippocampal formation 








External plexiform layer 


45.2 ±2.6 


51 .4 ±4.2 


CA,, pyramidal layer 
molecular layer 


7.3±0.3 
7.1 ±0.7 


4.3 + 0.2" 
3.8 ±0.2*' 




Cerebral cortex 






CA,. pyramidal layer 


6.9 ±0.5 


5.9 ±0.5 




Prefrontal cortex 


6.7 + 0.9 


4.7 ±0.9 


Dorsal subiculum 


4.7 ±0.3 


2.1 ±0.2" 




Frontoparietal cortex. 






Dorsal dentate gyrus 


8.7 ±0.7 


10.0 ±0.9 




layers I-II 


6.7 ±0.5 


3.3 ±0.3" 


Ventral dentate gyrus 


68.9 ±5.2 


59.2 + 5.2 




layers IIl-lV 


10.9 ±1.0 


3.1 ±0.2 " 










layers V-VI 


8.5 ±0.7 


3.3 ±0.3 " 


Dienceplialon 








Parietal cortex, 






Hypothalamus 


10.2 ±0.5 


10.6±0,9 




layers I-II 


7.3 ±0.3 


2.6 ±0.2* 


Red thalamic nucleus 


4.0 ±0.3 


2.8 + 0.3" 




layers lII-IV 


7.8 ±0.5 


2.8 ±0.2" 


Pretectal thalamic nucleus 


12.6±1.6 


4.7+1.6 " 




layers V-VI 


7.3 ±0.3 


2.9 ±0.2" 


Lateral geniculate 








Temporal cortex. 






thalamic nucleus 


9.2 ±0,7 


3.8 ±0.2" 




layers I-U 


4.5 ±0.5 


2.9 ±0.2" 










layers IlI-IV 


5.2 ±0.5 


2.9 ±0.2" 


Midbrain 








layers V-Vl 


5.0 ±0.3 


2.9 ±0.2" 


Substantia nigra. 








Cingulate cortex 


84.3 + 9.7 


86.3 ±7.6 


pars compacta 


100.0 ±8.0 


102.9 ±0.7 




Occipital cortex 


8.0 ±0.5 


5.0 ±0.5 


pars reticulata 


33.4 ±3.6 


28.4 ±2.4 




Rhinal sulcus 


32.4 ±3.6 


26.8 ±5.4 


Ventral tegmental area 


94.6 ±8.0 


102.4 ±8.3 




Relrosplenial cortex 


25.3 ±2.2 


24.2 ±2.9 


Superior colliculus. 


34.6 ±2.4 


19.2 + 2.1 " 




Basal ganglia 








20.9 ± 1 .4 


10.4+1.6" 




Caudate-putamen 


18.9 ±2.2 


20.3 ±1.4 


layer 111 


39.6 + 3.1 


14.7±).9 " 




Globus pallidus 


5.0 ±0.3 


2.9 ±0.5 " 


Dorsal raphe 


14.4±1.7 


12,6 + 1.6 




Nucleus accumbens 


12.3 ±0.9 


12.6 ±0.5 











* Binding was determined by densitometry on film radioautograms and is expressed relative to NT binding in the substantia nigra, 
pars compacta taken as 100. NT binding in this region was 9.7 ±0.3 fmol/mg protein. Values are the means + S.E,M. of 8 
determinations and were compared by means of Student's t-test. " P < 0.05 and " P < 0.01 compared to control. 
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Fig. 4. Radioautographic distribution of ['"l-Tyr^]NT binding 
in rat midbrain sections, (A) in the absence or (B) in the 
presence of 1 ft M levocabastine. Arrows denote regions where 
NT binding was reduced by levocabastine. Abbreviations: DG, 
dentate gyrus; IF, interfascicularis nucleus; PAG, periaque- 
ductal gray; PCo, posterior cortical amygdaloid nucleus; SC: 
superior colliculus; SN, substantia nigra; SR, rhinal sulcus; 
VTA, ventral tegmental area. 



nM for NlEllS cells and 0.26 nM for HT29 cells) 
that were completely insensitive to 1 /xM levo- 
cabastine. Both cell lines have been shown to 
respond to NT by an increase in intracellular 
inositol phosphate levels (Amar et al., 1986; Snider 
et al,, 1986; Amar et al., in press). As expected, 
levocabastine had no effect on inositol phosphate 
levels in either cell line (not shown). 

Finally, in sections from human post-mortem 
brains incubated at 4°C with 0.1 nM ['^'l- 
Tyr-'jNT, 1 /iM levocabastine had no significant 
effect on NT binding densities in various regions 
as evaluated by quantitative radioautography (not 
shown). 



4. Discussion 

The present study demonstrated clearly that the 
high and low affinity NT binding sites previously 
characterized in rat brain membranes with 
iodinated NT derivatives (Mazella et al., 1983; 
Sadoul et al., 1984b), correspond respectively to 
the levocabastine insensitive and sensitive [^H]NT 
binding sites recently described (Schotte et al, 
1986). We propose, for the rest of the Discussion, 
to designate site H the high affinity (levocabas- 
tine-insensitive) NT binding site, and site L the 
low affinity (levocabastine-sensitive) NT binding 
site. 

It is remarkable that levocabastine does not 
affect t'^^I-Tyr^JNT binding to site H at con- 
centrations at which it totally inhibits ligand bind- 
ing to site L. Such a selectivity of levocabastine 
for one class of NT binding sites is in contrast 
with the previous finding that a variety of NT 
partial sequences and analogues displayed quite 
similar relative binding potencies for sites H and 
L in rat brain membranes (Mazella et al., 1983; 
Kitabgi et al., 1985). This and the fact that levo- 
cabastine, an Hi antihistamine agent, has no 
structural similarity to NT (fig. 1), suggests that 
the drug is not a true competitive inhibitor of NT 
binding, but rather binds to a separate site that 
can modulate NT binding to site L. This site could 
belong either to the low affinity NT receptor 
molecule itself or to a levocabastine binding mole- 
cule present in its vicinity. Whatever the mecha- 
nism by which levocabastine selectively modulates 
NT binding to site L, the antihistamine agent 
represents a useful tool for discriminating between 
the two classes of NT binding sites in rat brain. 

Other agents can differentially affect NT bind- 
ing to sites H and L in rat brain. These include 
divalent cations such as Mg^"^ and Mn^"*" and 
guanyl nucleotides like GTP which respectively 
increase and decrease the affinity of NT for site H 
without affecting NT binding to site L (Kitabgi 
and Vincent, 1986). In the present study we show 
that low temperature also selectively decreased 
NT binding affinity for site H in rat brain mem- 
branes and tissue sections. This finding, together 
with the low binding capacity of site H, explains 
why the latter could not be distinguished from site 
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L by Scatchard analysis of binding experiments 
performed at 0-4 °C withi rat brain tissue sections 
(Young and Kuhar, 1981; Quirion et al. 1982; 
Moyse et al., in press). It is interesting that diva- 
lent cations, guanyl nucleotides and temperature 
all selectively affect NT binding to site H. Thus, 
levocabastine represents the only agent known so 
far that selectively modulates NT binding to site 
L. It should be noted that levocabastine inhibits 
['25i.-pyj-3]Nx binding to site L almost as potently 
as NT. 

These exceptional features of levocabastine 
made it possible to compare the anatomical distri- 
bution of sites H and L in rat brain tissue sections 
with radioautographic techniques. Marked dif- 
ferences were observed. Site H was almost exclu- 
sively found in discrete brain regions that have 
been described in previous radioautographic stud- 
ies as rich in NT receptor (Young and Kuhar, 
1981; Quirion et al., 1982; Moyse et al., in press). 
In most cases, these brain areas were devoid of 
significant amounts of site L. Conversely, site L 
was distributed diffusely with a moderate density 
over wide brain areas including most of the cortex, 
the dorsal hippocampus and the thalamus. These 
regions did not seem to contain site H since 
levocabastine reduced NT binding to virtually 
background levels. Such a distribution of site L is 
compatible with the fact that rat brain tissues 
contain overall about tenfold higher amounts of 
site L than site H. In general, there seemed to be 
no overlap of sites H and L except in a few areas 
such as the superior colliculus. It should be noted 
that in brain areas rich in site H, small amounts of 
site L, 10% or less, may have escaped detection 
due to experimental uncertainty. These results 
confirm and extend at a better level of resolution 
those of a previous study on the distribution of 
levocabastine-sensitive [■'HJNT binding in dis- 
sected rat brain regions (Schotte et al., 1986). 
However, significant levels (30-45%) of levocabas- 
tine-sensitive ['H]NT binding sites have been re- 
ported for brain regions that we now found to be 
devoid of site L such as the substantia nigra or the 
nucleus accumbens. This difference may have 
arisen from the difficulty of dissecting such small 
brain areas without taking surrounding tissues that 
could contain significant amounts of site L. 



Site L was present in membranes from rat and 
mouse brain and, in contrast, was absent from 
rabbit brain membranes. Furthermore, levocabas- 
tine did not affect ['^*I-Tyr^]NT binding to hu- 
man brain tissue sections. These results confirm 
and extend previous data (Schotte et al., 1986) 
showing that [■'HINT binding in homogenates from 
guinea-pig, cat, dog and human brain was insensi- 
tive to levocabastine (Schotte et al., 1986). It should 
be noted however that in guinea-pig and human 
brain membranes, ['^'l-Tyr^JNT binds to two 
populations of sites that display binding parame- 
ters similar to those of rat brain membranes 
(Sadoul et al., 1984a,b). Such a species difference 
regarding the ability of levocabastine to inhibit 
NT binding to its low affinity site is in contrast 
with the finding that the antihistamine agent ex- 
hibits the same activity profile at peripheral and 
central H, histamine receptors in all the mam- 
malian species tested including man (unpublished 
observations). Furthermore, the rank order of 
potency of levocabastine and its enantiomers to 
inhibit [-'HJNT binding in rat brain (Schotte et al., 
1986) parallels closely that at the H, histamine 
receptor (unpublished data). These observations 
raise interesting questions regarding a possible 
relationship between the H, receptor and the levo- 
cabastine binding site through which the anti- 
histamine drug inhibits NT binding to site L in 
murine species. The possibility remains, as for 
other species, that molecules different from levo- 
cabastine could modulate NT binding to its low 
affinity binding site. In any case, caution should 
be exerted before extrapolating to other species 
binding data obtained in the rat. 

The present work does not directly address the 
question of the physiological relevance of the two 
types of NT binding sites described here. This 
problem could be better studied in biological sys- 
tems which possess either type of site and to 
which a clear NT-induced cellular response could 
be assigned. Such is the case for site H which is 
present alone in the N1E115 and HT29 cell lines. 
The NT receptor in these cell lines has been 
shown to be coupled to an increase in intracellular 
levels in inositol phosphates (Amar et al, 1986; 
Snider et al., 1986; Amar et al., in press) and 
cGMP (Amar et al., 1985; Gilbert et al., 1986), 
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DELFIA® Eu-labeled bombesin AD0227 - 150 pmol 

AD0228-600 pmol 

For Research Use Only 



INTENDED USE 

This DELFIA® Eu-labeled bombesin is intended for use in ligand receptor binding assays. 



INTRODUCTION 

Bombesin is a 14 amino acid long peptide, isolated from the skin of the amphibian frog 
Bombina bombina. The mammalian homologues to bombesin consist of various forms of 
gastrin-releasing peptide and neuromedin B. So far, four subtypes of bombesin receptors 
have been cloned; BB1, BB2, BBS and BB4. Upon receptor ligand binding, the receptor 
transmit extracellular signals across membranes by activating specific signal-transducing 
heterotrimeric G-proteins, which in turn regulate a variety of intracellular effectors. The 
mammalian bombesin-like peptides contribute to diverse biological functions in the central 
nervous system and peripheral tissues, which include e.g. thermoregulation, satiety, 
smooth muscle contraction, stimulation of pancreatic secretion and gastrointestinal 
hormone release. 

DELFIA europium (Eu)-labeled bombesin is a synthetic peptide, similar to amphibian 
bombesin with a europium chelate coupled to the amino end of the peptide. The sequence 
of DELFIA Eu-labeled bombesin is Ac-Eu^^-Ahx-PQRLGNQWAVGHLM-NHa. DELFIA Eu- 
labeled bombesin binds with high affinity to mammalian BB1 and BB2 receptors and is a 
useful tool to study the function of these receptors. 



PRODUCT USE 

The DELFIA Eu-labeled bombesin binding assay is based on dissociation-enhanced time- 
resolved fluorescence. DELFIA Eu-labeled bombesin and the ligand specific receptor are 
incubated on an AcroWelP filter plate (when using e.g. membrane preparations or whole 
cells), on a coated plate (e.g. soluble receptors, membrane preparations or whole cells) or 
on a cell culture plate (e.g. adherent cells), after which unbound labeled ligand is removed. 
Eu is dissociated from the bound ligand by using DELFIA Enhancement Solution. 
Dissociated Eu creates highly fluorescent complexes, which are measured in a multilabel 
counter with TRF option. 

During the development phase, the biological activity of the DELFIA Eu-labeled bombesin 
has been demonstrated on AcroWell filtration based assays. 



DELFIA is a registered trademark of PerkinElmer, Inc. 
^ AcroWell is a trademark of Pall Corporation. 
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CONTENTS 

Figures in parentheses refer to the 600 pmol package. 

Component Quantity Storage 

DELFIA Eu-labeled bombesin 1 vial, lyopliilized +2 - +8°C 
150 pmol (600 pmol) 



The lyophiiized DELFIA Eu-labeled bombesin contains Tris-HCI buffered salt solution, 
bovine serum albumin (BSA) and Dextran T-40. 

NOTE: The powder contains sodium azide (< 1 %) as preservative and it Is harmful 
by inhalation, in contact with skin and if swallowed. 



PREPARATION OF REAGENT 

Reagent Storage and reconstituted stability 

DELFIA Eu-labeled bombesin Keep the vial on ice. 

Stable for 5 days at +2 - +8°C. 
For longer periods, aliquot and store 
at -20°C. Avoid freezing and thawing. 
Stable for at least one month 
at -20°C. 

Reconstitute the lyophiiized DELFIA Eu-labeled bombesin by adding 150 pL (600 |jL) of 
distilled water to yield a DELFIA Eu-labeled bombesin concentration of 1000 nmol/L and 
mix gently. Allow to stand for at least 30 minutes on ice before use to ensure that all solid 
material is dissolved. 

NOTE: The powder contains sodium azide (< 1 %) as preservative and it is harmful 
by inhalation, in contact with skin and if swallowed. The dissolved ligand contains 
< 0.1 % sodium azide and is not considered harmful. 



MATERIALS REQUIRED BUT NOT SUPPLIED WITH THE REAGENT 

The DELFIA Eu-labeled bombesin filtration based assay requires the following items, 
which are available from PerkinElmer Life and Analytical Sciences or its distributors. 

1. Time-resolved fluorometer, e.g. 2100 EnVision™, 1420 VICTOR™ or Fusion™ 
Multilabel Reader 

2. Automatic shaker - DELFIA Plateshake (prod. no. 1296-003/004) 



EnVision, VICTOR and Fusion are trademarl<s of PerkinElmer, Inc. 
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3. Pipette for dispensing the DELFIA Enhancement Solution - Eppendorf Multipette 
(prod. no. 1296-014) with 5 mL Combitips (prod. no. 1296-016) or alternatively the 
DELFIA Plate Dispense (prod. no. 1296-041) 

4. DELFIA L*R binding buffer concentrate (1 Ox) (prod. no. CR1 34-250) 

5. DELFIA L*R wash concentrate (25x) (prod. no. CR1 35-250) 

6. DELFIA Enhancement Solution (prod. no. 1244-104 for 50 mL; 1244-105 for 250 mL 
and 4001-0010 for 1000 mL) 

7. AcroWell Filter Plate (prod. no. P5020) 

8. Membrane preparation from bombesin receptor expressing cell line, e.g. human BB1 
(prod. no. RBHBS1M) or BB2 (prod. no. RBHBS2M) 



In addition to the DELFIA system the following are required: 

Unlabeled bombesin (e.g. Bachem, prod. no. H-2155) 
Saponin (e.g. Calbiochem, prod. no. 558255) 
Distilled water 

Filterplate washing manifold: Multiscreen Vacuum Manifold, Millipore 
Precision pipettes for dispensing microliter volumes 
Pipettes for dispensing milliliter volumes 
- Glass or polypropylene tubes 



PROCEDURAL NOTES 

1. The binding buffer composition in ligand receptor assays Is usually receptor specific. 
To achieve the best results in a DELFIA assay, the buffer should contain BSA to avoid 
non-specific binding, and low concentrations of a chelator, e.g. EDTA 
(ethylenediaminetetraacetic acid), to keep the fluorescence background low. The 
recommended binding buffer (see section "EXAMPLE OF FILTRATION BASED 
ASSAY CONDITIONS") is optimized to be used with human BB2 receptor in DELFIA 
assay. 

2. Some receptor preparations may require an addition of a protease inhibitor, e.g. 
phenylmethylsulfonyl fluoride (PMSF), in the binding buffer. 

3. When filtering the plate, ensure that each well is washed thoroughly, e.g. four times 
with 300 |jL of recommended wash solution (see section "EXAMPLE OF FILTRATION 
BASED ASSAY CONDITIONS"). After washing the plate, check that the wells are dry. 
Remove any remaining moisture by blotting the plate on absorbent paper. 

4. When using the Millipore manifolder/vacuum unit, the AcroWell Filter Plate may not fit 
tightly on the manifolder/vacuum frame. The plate will fit better on the frame if the 
metal grid is removed from the top of the frame. The black rubber part should, 
however, be left on the frame in order to prevent problems with vacuum leakage. 

5. For optimal results, flush the pipette tips or the dispenser tips and tubing thoroughly 
with DELFIA Enhancement Solution. We recommend using plastic vials instead of 
glass vials. 
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Binding buffer: DELFIA L*R binding buffer concentrate (10x), diluted 1:10 containing 
the following reagents as final concentrations: 

50 mmol/L Tris-HCI, pH 7.5 

5 mmol/L MgCb 

25 |jmol/L EDTA 

0.2 % BSA 
supplemented with 50 pg/mL saponin 

Wash solution: DELFIA L*R wash concentrate (25x), diluted 1:25 containing the 
following reagents as final concentrations: 
50 mmol/L Tris-HCI, pH 7.5 
5 mmol/L MgCb 

Binding protocol: Binding assays are performed in 100 pL total volume according to the 
following conditions. All the dilutions are prepared in binding buffer. 



1. Pipetting: 



3. Washing: 

4. Eu enhancement: 

5. Measurement: 



25 pL binding buffer (total binding) OR 

unlabeled ligand (non-specific binding) 
25 pL Eu-labeled ligand 
50 pL diluted receptor 

shake the plate slowly for 15 seconds, then 
incubate the plate for 90 minutes at room 
temperature 

four times with 300 pL of wash solution 

200 pL DELFIA Enhancement Solution/well, 
incubate for 15 minutes at room temperature 
with slow shaking 

time-resolved fluorometer with Eu-filter 



CALCULATION OF RESULTS 



S/B = 



Z' = 1 - 



Total values 



Non-specific values 

3 X SD total + 3 X SD non-specific 



Mean signal total - Mean signal non-specific 
SD = standard deviation 

Kd and Ki values are calculated using GraphPad Prism® ^ software. 



^ GraphPad Prism is a registered trademark of GraphPad Software Inc. 
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RESULTS 
Saturation curve 

Figure 1 shows typical data for measuring the saturation binding. The saturation 
experiment was performed with increasing amounts of DELFIA Eu-labeied bombesin in the 
presence of 0.2 pg of human BB2 receptor (Bmax 9.3 pmol/mg protein) per well. Non- 
specific binding was determined in the presence of 500 nmol/L unlabeled bombesin. A 
typical Kd value for DELFIA Eu-labeled bombesin is around 0.5 nmol/L. See Product 
Information Sheet for lot specific Kd value. 




Figure 1. A Kd value of 0.47 nmol/L was obtained using the human BB2 receptor. The 
assay was performed as described in "EXAMPLE OF FILTRATION BASED ASSAY 
CONDITIONS". The fluorescence was measured with VICTOR^. The values represent the 
mean ±SD from triplicate wells. 

In addition, a Kd value of 0.56 nmol/L was obtained using 0.4 |jg of human BB1 receptor 
(Bmax 3.4 pmol/mg protein); data not shown. 



Competition curve 

The competition between the DELFIA Eu-labeled bombesin and unlabeled bombesin is 
shown in Figure 2. The displacement curve was performed with 0.5 nmol/L of DELFIA Eu- 
labeled bombesin and increasing amounts of unlabeled bombesin in the presence of 
0.2 pg of human BB2 receptor (Bmax 9.3 pmol/mg protein) per well. A typical Kj value is 
around 0.2 nmol/L. 
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Figure 2. A Kj value of 0.19 nmol/L was obtained using the human BB2 receptor. The 
assay was performed as described in "EXAMPLE OF FILTRATION BASED ASSAY 
CONDITIONS". The fluorescence was measured with VICTOR^. The values represent the 
mean +SD from triplicate wells. 

In addition, a Ki value of 0.24 nmol/L was obtained using 0.4 |jg of human BB1 receptor 
(Bmax 3.4 pmol/mg protein) in the presence of 0.5 nmol/L DELFIA Eu-labeled bombesin 
(data not shown). 



S/B ratio and Z' value 

Typical readings, S/B ratios and Z' values using VICTOR^ and EnVision (n = 12) are 
shown in Table 1. S/B and Z' were calculated using a concentration of DELFIA Eu-labeled 
bombesin close to the Kd value. Decreasing the number of flashes in EnVision shortens 
the measurement time at the expense of counts. 
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Table 1. S/B and Z' were calculated using a concentration of 0.5 nmol/L DELFIA Eu- 
labeled bombesin. 





VICTOR 


EnVision 


EnVision 


EnVision 


Flash 




100 


50 


10 


Time / plate 




1 min 7 sec 


55 sec 


45 sec 


Total binding 


8530 


6466 


3202 


623 


CV% 


7.9 


7.1 


6.3 


6.3 


Non-specific 
binding 


1103 


760 


369 


73 


CV% 


12.8 


17.3 


17.7 


21.4 


S/B 


8 


9 


9 


8 


Z' 


0.67 


0.69 


0.72 


0.70 



WARNINGS AND PRECAUTIONS 

DELFIA Eu-labeled bombesin is intended for research use only. 

Lyophilized DELFIA Eu-labeled bombesin contains sodium azide (NaNs) as a preservative. 
The powder is harmful by inhalation, in contact with skin and if swallowed. Sodium azide 
may react with lead and copper plumbing to form highly explosive metal azides. On 
disposal, flush with a large volume of water to prevent azide build-up. 

To avoid Eu-contamination that can result in a high fluorescence background in assays, 
high standard pipetting and washing techniques are required. Avoid contaminating pipettes 
with Eu-labeled reagents. 

Disposal of all waste should be in accordance with local regulations. 



WARRANTY 

Purchase of the product gives the purchaser the right to use this material in his own 
research, development, and investigational work. The product is not to be injected into 
humans or used for diagnostic procedures. PerkinElmer Life and Analytical Sciences, 
Wallac Oy reserves the right to discontinue or refuse orders to any customer who plans to 
use these products for any other purposes. 

PerkinElmer Life and Analytical Sciences, Wallac Oy does not warrant or guarantee that 
the product is merchantable or satisfactory for any particular purpose, nor free from any 
claim of foreign or domestic patent infringement by a third party, and there are no 
warranties, expressed or implied, to such effect. PerkinElmer Life and Analytical Sciences, 
Wallac Oy will not be liable for any incidental, consequential or contingent damages 
involving their use including damages to the property or personal injuries. 
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All information supplied with the product and technical assistance given is believed to be 
accurate, but it remains the responsibility of the investigator to confirm all technical 
aspects of the application. We appreciate receiving any additions, corrections, or updates 
to information supplied to the customer. 
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Purpose. To prepare polymeric vesicles and niosomes beating glucose 

or transferrin ligands for drug targeting. 

Methods. A glucose-palmitoyl glycol chitosan (PGC) conjugate was 
synthesised and glucose-PGC polymeric vesicles prepared by sonica- 
lion of glucose-PGC/ cholesterol. N-palmitoylglucosamine (NPG) 
was synthesised and NPG niosomes also prepared by sonication of 
NPG/ sorbitan monostearate/ cholesterol/ cholesteryl poly-24- 
oxycthyletie ether. These 2 glucose vesicles were incubated with col- 
loidal concanavalin A gold (Con-A gold), washed and visualised by 
transmission electron microscopy (TEM). Transferrin was also con- 
jugated to the RUTfacc- of PCrC vesicles and tho uptake of these 
vesicles investigated in the A4.31 cell line (over expressing the trans- 
ferrin receptor) by fluorescent activated cell sorter analysis. 
Results. TEM imaging confirmed the presence of glucose units on the 
surface of PGC polymeric vesides and NPG niosomes. Transferrin 
was coupled to PGC vesides at a level of 0.60 ± 0.18 g of transferrin 
per g polymer. The proportion of FITC-dextran positive A431. cells 
was 42%' (FITC-dextran solution), 74% (plain vesides) and 90% 
(transferrin vesicles). 

Conclusions. Glucose and traiMferrin bearing chitosan based vesides 
and glucose niosomes have been prepared. Glucose bearing vesides 
bind Con-A to their surface, (^itosan based vesides are taken up by 

A431 cell s and transferrin enhances this uptake. 

KEY WORDS: polymeric vesides; glucose vesides; transferrin 
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INTRODUCTION 

Actively targeted therapies have demonstrated their po- 
tential in the tumour targeting of polymeric geue delivery 
systems (1), the central neivous .system targeting of peptide 
analgesics (2) and the targeting of oligonucleotides to the 
liver hepatocytes and macrophages (3). In our laboratories 
polymeric vesicles for drug delivery have been developed 
from a specially designed amphiphilic chitosan derivative- 
palmitoyl glycol chitosan (PGC) (4). While the passive tar- 
geting of anti-cancer phospholipid vesicles (liposomes) (5,6) 
and non-ionic surfactant vesicles (niosomes) (7) to solid tu- 
mours has been well documented, liposomes for gene delivery 
are predominantly passively targeted to the lung endothelium 
(8,9). Hence, depending on their potential use it will be nec- 
essary to elucidate active targeting strategies for vesicular sys- 
tems. Additionally the targeting of large hydrophiiic mol- 
ecules across the blood brain barrier (BBB) is invariably 
problematic. Transferrin bearing proteins however may be 
targeted across the blood brain barrier when administered via 
the carotid artery (10) and the exploitation of the BBB glu- 
cose transporter, GLUT-l (11,12), using glucose peptide con- 
jugates results in peptide delivery to the central nervous sys- 
tem (2). The GLUT-l receptor is also over expressed in some 
tumour tissue (13,14), hence a glucose targeting ligand may be 
useful for targeting anti-cancer genes to tumour tissue. It is 
possible that the active targeting of polymeric vesides for 
drug/ gene delivery may be accomplished with targeting li- 
gands. This work reports on the preparation and characteri- 
sation of polymeric vesicles and niosomes bearing targeting 
ligands. 

MATERIALS AND METHODS 
Materials 

Palmitic acid N-hydroxysuccinimide, glucosamine, sorbi- 
tan monostearate (Span 60), cholesterol, glycol chitosan (Mw 
= 164,000), concanavalin A gold (Con A-gold, 20nm), p-D- 
glucopyranosyl phenylisothiocyanate, N-N-diisopropylethyl- 
amine, dimethyl-suberimidate (DMvSI), triethanolamine, fluo- 
rescein isothiocyanate dextran (FITC-dextran), phosphate 
buffered saline (PBS, pH = 7.4).. tablets, iron-saturated hu- 
man ti-ansferrin (TF), Folin Ciocalteu's reagent, uranylfor- 
mate, sodium carbonate, sodium potassium tartrate and cu- 
pric sulphate, were all purchased Erom Sigma Aldiich Co, 
UK. Dialysis tubing was obtained from Medicell Interna- 
tional, UK. Chloroform, isopropanol, dimethylsulphoxide 
(DMSO) and diethylether were all purchased from Merck, 
UK. Cholesteryl poly-24-oxyethylene ether (Solulan C24) 
was kindly donated by D.F. Anstead, UK. All tissue culture 
reagents were obtained from Gibco, UK. 

Preparation of Glucose-Bearing Niosomes 

Synthesis of N-Palmitoyl Glucosamine (NPG) 

This was prepared in a similar manner to that described 
for the glycoside palmitoyl muramic acid (15) and was derived 
from the method of Lapidot and others (16). Glucosamine 
(86.3mg) was dissolved in dimethylsulphoxide (15mL) and 
triethanolamine (93p.L). To this was added palmitic acid N- 
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hydroxysuccinimide (283rag) dissolved in chloroform (4mL). 
The mixture was stirred at room temperature for 48 h, pro- 
tected from light. Chloroform was evaporated off at room 
temperature and the remaining liquid freeze-dried. Tlie re- 
sulting powder was purified by washing consecutively with 
water (200 ml), chloroform (50 ml), and ether (200 ml) and 
then was freeze-dried again. NPG (Figure 1) was obtained as 
a white powder. 

'H NMR AnafysL'! of NPG 

'H NMR (witli integration) and correlation spectros- 
copy experiments (Bruker AMX 400MHz spectrometer, 
Bruker Instruments, UK) were .performed on NPG solutions 
in deuterated DMSO. 

Mass Spectrometry 

Analysis of NPG was carried out by mass spectrometry 
(fast atom borabardment-FAB on a JEOL AX505 mass spec- 
trometer, Jeol Instruments, UK). 

Preparation of NPG Niosomes 

Niosomes were prepared by shaking a mixture of NPG 
(16mg), Span 60 (65mg), cholesterol (58mg) and Solulan C24 
(54mg) in water (5mL) at QO^C for Ih, followed by probe 
sonication (Soniprobe Instruments, UK) for 4 minutes with 
the inslrumeiil set at 20% of its maximum capacity. 

Synthesis of the PGC- Glucose Conjugate 

Paimitoyl glycol chitosan (PGC) (Fig. 2) was synthesised 
by the reaction of glycol chitosan with palmitic acid N- 
hydroxysuccinimide in a 4;] sugar monomer, palmitic acid 
molar ratio and characterised by NMR analysis as previ- 
ously described (4). PGC - glucose conjugate was prepared 
using methods described previously (17). PGC (5mg), p-D- 
glucopyranosy! phenylisothiocyanate (5mg) and N-N- 




Fig. 1. Chemical structure of N-palmitoyl ^ucosamine (N-PG). 



diisopTopylethylamine (4|jl1) were dissolved in DMSO (5mL). 
The reaction mixture was stirred at room temperature for 
24h, diluted with water (25mL), exhaustively diaiysed against 
IL of water (over a 24h period with 6 changes), and finally 
freeze-dried. 

Preparation of Polymeric Glucose Vesicles 

Vesicles were prepared by probe sonicating the PGC- 
glucose conjugate (4mg) and cholesterol (2mg) in water 
(4mL) for 4 min with the instrument set at 20% of its maxi- 
mum output. The temperature of the probe sonicated formu- 
lation reached a maximum temperature of ~ eO'C. The vesicle 
dispersion was then filtered through a 0.45 jxm filter. 

Preparation Of Control Span 60 Niosomes 

Vesicles were prepared by shaking a mixture of Span 60 
(73mg), cholesterol (65mg), Solulan C24 (54mg) in water 
(5mL) at QCC for Ih followed by probe sonication for 4 
minutes with the instrument set at 20% of its maximum ca- 
pacity. 

Transmission Electron Microscopy (TEM) 

The presence of glucose on the vesicle surface was evalu- 
ated by incubation with a colloidal dispersion of Con A-gold 
thus exploiting the affinity of the lectin concanavalin A for 
glucose (18). Glucose bearing vc^siclcs and control plain Span 
60 niosome suspensions (0.1 mL) were shaken with the Con 
A-gold dispersion (O.lmL) at 60°C for Ih. To separate un- 
boimd Con A-goid from bound Con A-gold, the mixture was 
then centrifuged (l,000g for 10 min, Beckman L8-55 ultracen- 
trifuge, Beckman Instruments, UK) and the pelleted unbound 
Con A-gold discarded. Vesicles bearing the bound gold were 
then imaged by TEM as follows. Droplets of the vesicle 
preparation were mixed in equal (20 ^\) volumes with 1% 
uranylformate (pH 4.8) on a specimen support grid and im- 
mediately dried down using filter paper. The negatively 
stained grid samples were then imaged on a LEO 902 energy 
filtering electron microscope at 80 kV. 

Preparation of TF-Bearing Polymeric Vesides Entrapping 
the Fluorescent Marker FITC-Dextran 

Preparation of Plain PGC Vesicles 

PGC vesicles were prepared from PGC and cholesterol 
as previously described (4), by probe sonicating PGC (lOrog) 
and cholesterol (4mg) in PBS (pH = 7.4, 2mL) for 4 min with 
the instrument set at 20% of its maximum capacity. 

Conjugation of TF to PGC Vesicles (TF-PGC) 

TF was linked with PGC vesicles by using DMSI as a 
cross-linking reagent (19) in a similar manner to that reported 
for TF-coated liposomes (20). To 2mL of the vesicle suspen- 
sion (2mL), obtained from above (5mg mL"^), was added TF 
(12mg) and DMSI (24mg) in triethanolamine HCl buffer (pH 
7.4, 2mL). The coupling reaction was allowed to take place at 
room temperature for 2h whilst stirring. Free TF was then 
removed by ultracentrifugation (2 x ISO.OOOg for Ih). After 
each ultracentrifugation step the pelleted vesicles were resus- 
pended in PBS (pH = 7.4, 2mL). 
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B'ig. 2. Chemical structure of palmitoy! ylyuol cliiiosaii (PGC). 



Assay for Conjugated TF 

The amount of conjugated TF was determined using the 
Lowry method (21). TF bearing vesicle suspensions, blank 
vesicles bearing no TF and vesicle suspensions carried 
through the TF conjugation reaction but without the cross- 
linking agent DMSI were used in tiiis assay. The latter vesicles 
were used to ensure that TF was not merely adsorbed to the 
vesicle surface. To sodium carbonate solution (25mL, 2%w/v 
in NaOH O.IM) was added sodium potassium tartrate (O.SmL, 
2%w/v) and cupric sulphate (O.SmL, l%w/v) with constant 
stirring to avoid precipitation. To ImL of this solution 
(freshly prepared) was added lOOfjtl of each of the vesicle 
suspensions (5mg niL"' PGC) or the standard TF solutions 
(0-0.5mg mL"') and the mixture allowed to stand for lOrain. 
To these samples was then added Folin Ciocalteu's reagent 
(100|xL) with immediate vortexing. All samples were subse- 
quently left to stand for 30rain and the colour reaction quan- 
tified by measuring the absorbance at 750nm (UV-1, Unicam 
Ltd., UK), The sample derived from the blank vesicles not 
containing TF was used in the reference cell, when measuring 
the abisorbance of the vesicle samples. The amount of protein 
associated with the vesicles was determined with reference to 
the standard TF solutions. 

Loading of FITC-Dextran TF-PGC Vesicles 

FITC-dextran loaded TF-PGC vesicles were prepared by 
probe sonicating on ice TF-coated vesicles, obtained as de- 
scribed above 'in a solution of FITC-dextran (2mL, 6mg 
mL~'). Unentrapped FTTC-dextran was removed by ultracen- 
trifugation (1.5(),000g x Ih) and the FITC-dextran loaded 
vesicle pellet resuspended in PBS (2mL). 



Assay for the Amount of FITC-Dextran Entrapped by 

TF- PGC Vesicles 

PGC vesicles were disrupted by adding the vesicle sus- 
pension (O.lmL) to isopropanol (IraL). This solution was 
then diluted to lOmL with PBS (pH = 7.4) and the fluores- 
cence measured (Perkin Elmer LS-50 fluorescence spectrom- 
eter, Perkin-Elmer Instruments, UK.) at an excitation wave- 
length of 480nm and an emission wavelength of 560nni. The 
amount FTTC-dextran was computed with reference to stan- 
dard solutions of FITC-dextran (ll|xg mL"^-llmg mL"*) in 
an isopropanol, PBS (pH = 7.4) mixture (10: 90). 



Vesicle Sizing 

Vesicle sizing was performed by photon correlation .spec- 
troscopy on a Malvern Zetasizcr 1 (Malvern Instruments, 
UK.). 

Cellular Uptake of FITC-Dextran Loaded 
TFPGCVesides 

The A431-human epidermoid carcinoma cell line (ATCC 
CRL-1555) (22,23) was grown as a monolayer culture at 37°C 
in 5% CO2 and maintained by regular passages in Dulbecco's 
medium supplemented with 10% foetal bovine serum, L- 
glutamine (l%w/v). Plated A 431 cells (10^ cells/well) were 
incubated (37°C for 4 h) with transferrin-bearing vesicles (0.2 
mL, 104iJ!.g mL-' PGC) loaded with FITC-dextran (24|xg 
mL"'). blank FTTC-dextran vesicles or with FITC-dextran so- 
lution. The concentration of FITC-dextran was the same for 
all the samples. 

For the microscopic studies cells were grown and exam- 
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Fig. 3. Transmission electron micrographs with negative staining of Con A-gold (20 nni) associated with a) 
N-PG vesicles, b) PGC- glucose vesicles, and c) plain Span 60 niosomes. Gold particles are indicated by 
arrow , bar = lOOnm, 
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ined on coverslips. At the end of the incubation period, cells 
were washed with PBS (pH = 7.4), transferred to a holder 
where the cells were immersed in PBS (pH = 7.4) and ex- 
amined using confocal microscopy (X^x = 488 nm, Biorad 600 
confocal microscope, Biorad, UK). For flow cytometry stud- 
ies, the cells were trypsinised after the incubation period, 
washed (PBS , pH = 7.4) and pelleted (l.OOOg) twice. Cellular 
FITC-dextran uptake was examined on a FACStar flow cy- 
tometer (Becton-Dickinson Instruments, UK). The forward 
scatter (FSC) and sideward scatter (SSC) of a control cell 
suspension, was used to discriminate cells and debris. 20,000 
cells (gated events) were counted for each sample. 
FITC-dextran fluorescence was detected with logarithmic 
settings (FLl, X<,„, = 515-545 nm). Cells were counted as posi- 
tive when their fluorescence (FLl) was higher than that of 
95% of cells from an untreated cell suspension, (i.e. channel 
198 to 1024) 

RESULTS 

Glucose Bearing Vesides 

NPG Niosomes 

The characterisation of PGC was as previously described 
(4). Proton assignments by *H NMR of NPG were as follows: 
8 0.86 ppm = CHS (palmitoyl), 8 1.25 ppm = CH2 (palmi- 
toyl), 5 1.89 ppm - ai2 (palmitoyl shielded by carbonyl), 5 
2,14 ppm = CH2 (adjacent to carbonyl protons), 8 2.71 ppm 
= CH (C2 sugar proton), 8 3,3-4.0 ppm = non-exchangeable 
sugar protons. Mass ,';pectrometry data yielded one maia peak 
corresponding to the mass ion 418 (100%, M*) and further 
minor peaks 400 (72.75 %, -OH) and 432 (24.43%, M* + 
OH). These results indicate that NPG was successfully pre- 
pared. 

Stable vesicles could be formed from NPG, sorbitan 
monostearate, cholesterol, Solulan C24 (10: 40: 40: 10 
mole%). Higher levels of NPG resulted in unstable formula^ 
tions with the NPG crystallising out of the formulation within 
hours. Glucose niosomes prepared from NPG had a z-average 
mean diameter of 164nm. 

Glucose-PGC Vesicles 

Polymeric (PGC) glucose bearing vesicles had a z- 
average mean diameter of 155nm. 

Con-A Gold Binding 

Both types of vesicles effectively bound Con A-gold 
while the conti'ol plain vesicles (devoid of glucose) did not 
(Figure 3), indicating the presence of accessible glucose units 
on the surface of these niosomes and polymeric vesicles. 

Tran.sferrin Bearing PGC Vesicles 

Transferrin was successfully conjugated to PGC in these 
vesicles, as determined by the Lowry assay at a level of 0.60 ± 
0.18g of TF per g polymer (50 ± 15% of the initial transferrin 
used). FITC-dextran was entrapped in the transferrin bearing 
vesicles (0.23g per g polymer, corresponding to 10% of the 
initial FITC-dextran) and in the plain chitosan based vesicles 
(0.32g per g polymer, corresponding to 13% of the initial 



FITC-dextran). Plain PGC vesicles had a z-average mean di- 
ameter of 420nm, while TF-PGC vesicles had a z-average size 
of 458mn and TF-PGC vesicles loaded with FITC-dextran 
had a z-average size of 740nm. 

Cellular Uptake of Fluorescently Labelled 
TF-PGC Vesicles 

Fluorescence microscopy images showed a brighter fluo- 
rescence (more fluorescently labelled vesicles) associated 
with cells incubated with the transferrin bearing vesicles when 
compared to the plain vesicles (Figure 4). Flow cytometry 
data (Fig. 5) also indicated that there was the greater per- 
centage of positive cells when the transferrin bearing vesicles 
were incubated with the cells. However it is interesting to 
note that the polymeric vesicles without TF also associated to 
a greater degree with the cells than the fluorescent marker 
(FITC-dextran) in solution. This is indicative of the fact that 
these latter vesicles are also taken up by the cells or at least 
enhance the uptake of the fluorescent polymer. 

DISCUSSION 

This work is the first report of the preparation of poly- 
meric chitosan based vesicles bearing targeting ligands. In 
addition the synthesis of a new surfactant NPG is described. 
The synthesis is a simple one-step procedure unlike the syn-. 
thetic methods previously reported (24). Stable vesicles could 
not be produced from this surfactant alone or in the presence 
of cholesterol and the incorporation of more than 10mole% 
NPG into the bilayer of niosomes resulted in NPG crystallis- 
ing out within hours. 6-O-aIkanoyl-a-D glucose amphiphiles 
also crystallise out of niosomes prepared with these agents 
and cholesterol within 3-4 weeks (25). Small niosomes in the 
colloidal size range may be formed with this new amphiphile, 
NPG. 1-alkyl glucosides have been reported to form large 
unilamellar niosomes by Kiwada and others (26). These latter 
niosomes are l(j.m in diameter and v/ere reported to be stable 
when stored in the dark for up to 25 weeks. The production of 
colloidal dispersions of the l-a!kyl glucoside niosomes was 
not however reported by these authors. To our knowledge 
this is the first report of the production of sub-micron glucose 
vesicles in which the glucose units are found to be recognis- 
able by the glucose specific lectin-con A, Con A served as a 
model for the glucose specific receptor. 

The PGC-glucose conjugate produced vesicles with a 
smaller z-average mean diameter than vesicles produced from 
plain PGC (155nm vs 42()nm). The conjugation of glucose to 
PGC probably resulted in an increase in the size of the hy- 
dropliilic portion of the molecule relative to the hydrophobic 
portion of the molecule. An increase in the hydrophilic head 
group of an ampliiphile or mixture of amphiphiles would re- 
sult in an increase in vesicle curvature and hence a decrease in 
vesicle size (27). It appears that with amphiphilic pendant like 
polymers, a similar increase in the hydrophilic head group 
area also decreases vesicle size. Vesicles incorporating only 10 
mole % of NPG are able to bind Con A, as do vesicles pre- 
pared from the PGC-glucose conjugate (Figure 3). This indi- 
cates that the glucose units were accessible on the vesicle 
surface and may be accessible to glucose receptors in vivo. 
Because human cancer cells have an enhanced need for glu- 
cose and hence frequently over express the GLUT receptors 
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Kg. S. FACS analysis of the uptake of FITC-D solution ("solution"), 
FITC-D vesicles without Tf ("vesicles"), and Tf-bearing vesides 
loaded v^ith FITC-D ("TF vesicles"), by A 431 cells. "Control": un- 
treated cells. Ceils were counted as FTTC positive when their fluo- 
rescence was higher than that of 95 % of cells from an untreated cell 
suspension, n = 3. 

(14), thCvSe glucose bearing vesicles may prove useful as gene 
targeting agents to tumour cells over-expressing the GLUT 
receptor isoforms. In addition the presence of GLUT 1 re- 
ceptors at the BBB (28) may potentially be exploited with 
these carriers, causing them to increase the transfer of large 
hydrophilic molecules across the BBB. 

Transferrin was coupled to the surface of the polymeric 
vesicles and appeared to be accessible to the TF receptor in 
the A431 cell line (Figur,es 4 and 5). Transferrin receptors are 
also over expressed on the surface of many proliferating cells 
(29) and their presence may be exploited for the targeting of 
gene expression to tumours (1). In addition the administra- 
tion of transferrin-protein conjugates via the carotid artery 
resulted in the enhanced transfer of large proteins across the 
BBB (1.0). These transferrin bearing vesicles may thus find a 
use in the targeting to the central nervous system. 

CONCLUSION 

Glucose niosomes and glucose or transferrin bearing 
polymeric vesicles have been successfully prepared for drug 
targeting. The accessibility of these targeting ligands to the 
glucose specific lectin Con A or to the transferrin receptor 
have been demonstrated, In addition the encapsulation of 
FITC-dextran within polymeric vesicles has been shown to 
promote the uptake of the fluorescent marker. Further stud- 
ies on the usefulness of these new vesides in vivo are planned 
for the very near future. 
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ABSTRACT 

The ligand specificity and biochemical properties of the human (h) 
FSH receptor are poorly characterized due to the low abundance of 
these receptors and the limited availability of human tissues. Using a 
fragment of rat FSH receptor cDNA, we screened a human testicular 
cDNA library and obtained e FSH receptor cDNA covering the entire 
amino acid-coding region. After transfection of a human fetal kidney 
cell line (293) with the hPSH receptor cDNA, radioligand receptor 
analysis revealed the presence of high affinity (Kt, 1.7 x 10'" M) FSH- 
binding sites on the plasma membrane. Both recombinant and wild- 
type hFSH displaced ['"llhESH binding, with EDa, values of 25 and 
70 ng/ml, respectively, whereas hLH, hCG, and hTSH were ineffective. 
Although human, rat (r), and ovine FSH as well as equine CG competed 
for rat testicular FSH receptor binding, only hFSH and rPSH inter- 
acted effectively with the recombinant hFSH receptor, Bu^esting that 
species-specific I^nd recognition exists between human and rodent 
receptors. After incubation of transfected cells with hFSH, but not 



recombinant hLH or hCG, a dose-dependent increase (ED», 10 ng/ml) 
in extracellular cAMP accumulation was observed, indicating a func- 
tional coupling of the expressed human receptor with the endogenous 
adenyl cyclase. In cells cotransfected with the FSH receptor expression 
plaamid and a luciferase reporter gene driven by the promoter of a 
cAMP-responsive gene, treatment with hFSH, but not hCG, resulted 
in a dose-dependent increase in luciferase activity, Northern blot 
analysis using a cRNA probe derived from the human receptor cDNA 
indicated the presence of multiple FSH receptor mRNA transcripts 
(7.0, 4.2, and 2.5 kilobases) in ENA prepared from human follicular 
phase ovary, but not from human corpus luteum or placenta. Addition- 
ally, two FSH-binding sites of 76 and 112 kilodaltons were detected in 
transfected 293 cells after l^d/receptor cross-linkua^g and sodium 
dodecyl sul&te-polyacrylamide gel eiectoiphoresis analysis. These re- 
sults demonstrate the expression of functional hFSH receptor with 
unique ligand specificity and provide new data on the. biochemical 
properties of the human receptor at the mRNA and protein levels. 
{Endocrinology 131: 799-806, 1992) 



FSH IS a member of the glycoprotein hormone family that 
also comprises LH, CG, and TSH (1, 2). Hormones of 
this family are dimers consisting of a conunon «-subunit and 
hormone-specific ^-subunits joined together by noncovalent 
binding (3). As with the other glycoprotein hormones, FSH 
binding to target cells increases adenyl cyclase activity 
through interaction with membrane-associated G-proteins 
(4), thus classifying the FSH receptor to the G-protein- 
coupled receptor family (5-7), The hallmark of G-protein- 
coupled receptors is the presence of seven transmembrane- 
spanning segments that possess a homologous cluster of six 
or seven amino add residues located on the carboxyl-termi- 
nal region of the third cytoplasmic loop. Recent molecular 
cloning of rat LH and FSH receptors have indicated that this 
conserved region, which has been implicated in G-protein 
coupling of the /J-adrenergic receptor (8-10) and TSH recep- 
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tor (11), is also present in the third cytoplasmic loop of 
gonadotropin receptors (12, 13). 

Although the importance of FSH in testicular and ovarian 
development and reproductive function has been unequiv- 
ocally established (for review, see Refs. 14-16), the limited 
availability of human gonadal tissues as well as the paucity 
of gonadal FSH-binding sites have precluded the study of 
humar; (h) FSH receptors. Recent studies from our laboratory 
have indicated that the ligand specificity of human vs. rat (r) 
LH receptors is dramatically different, suggesting that the 
properties of human gonadotropin receptors may differ from 
those of experimental animal models (17). To more dearly 
elucidate the properties of hFSH receptors, we report here 
the expression of a functional recombinant hFSH receptor 
with unique ligand specificity. Furthermore, the distribution 
of FSH receptor mRNA in human reproductive tissues and 
the biochemical properties of the expressed receptor are 
presented. 

Materials and Methods 

Reagents and hormones 

Restriction enzymes were obtained from Bethesda Research Labora- 
tories (BRL; Gaithersburg, MD), Boehringer-Mannheim (Indianapo- 
lis, IN), and Stratagene (La Jolla, CA). A Xgtll human testicular cDNA 
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library was obtained from Clontech {Palo Alto, CA). The eukaryotic 
expression vector pCMX was a gift from Dr. K. Umesono of The Salk 
Institute (San Diego, CA). The recombinant human gonadotropin prep- 
arations were derived from serum-free conditioned medium of Chinese 
hamster ovary (CHO) cell lines transfected with human gonadotropin 
genes, The recombinant hLH contains a deletion of seven hydrophobic 
amino adds at the carboxyl-terminus and a substitution of Trp to Arg at 
position eight of the /S-subunit for efficient dimerization and secretion 
from CHO cells (1 8). The recombinant hFSH has biological activity and 
chromatofocusing profiles similar to those of purified pituitary FSH (19). 
The concentrations of the recombinant gonadotropins were estimated in 
RlAs using purified pituitary preparations as standards (hLH, hLH 1-3, 
5,900 lU/mg; hFSH, hFSH 1-3, 3,100 lU/mg by the hCG augmentation 
assay). hFSH (f-3), hCG (CR-127; 14,900 lU/mg), hLH (Bl; 4,015 lU/ 
mg), hTSH (Bl; 15 lU/mg), rFSH (1-7: 4,714 lU/mg), and ovine (o) FSH 
(oFSH-17; 25 lU/mg) were obtained from the National Hormone and 
Pituitary Distribution Program (Bethesda, MD); recombinant hTSH was 
obtained from Genzyme (Cambridge, MA); equine (e) CG (PMSG; 2,530 
lU/mg) was obtained from Calbiochem (La jolla, CA); and porcine (p) 
FSH was the gift of Dr. H. Papkoff (University of Califomia-San 
Francisco). Reagents required for the ludferase assay were purchased 
from Analytical Luminescence Laboratory (San Diego, CA). 



cDNA library screening 

A fragment of rFSH receptor cDNA, corresponding to bases 621- 
1031 of the published sequence (13), was obtained by reverse transcrip- 
tion-polymerase chain reaction of RNA prepared from PMSG-primed 
rat ovaries (20). This cDNA fragment was radiolabeled by the random 
priming method (21) and used to saeen the human testicular cDNA 
library (22). Eight positively hybridizing phage clones ranging in size 
from 1 ,8-2,2 kilobases (kb) were isolated, subdoned into the pBluescript 
n SK plasmid (Stratagene), and sequenced using the dideoxy chain 
termination method (23) with a DNA sequencing kit (U.S. Biochemical 
Corp., Cleveland, OH) and specific primers. Individual fragments ob- 
tained from two separate clones (H37 and G3) were prepared by BaniHl 
restriction enzyme digestion and ligated at nucleotide position 686 to 
yield the final hFSH receptor cDNA construct containing the entire 
amino add-eoding region. Clone H37 contains 75-basepairs (bp) of 5'- 
untranslated region plus 1562 bp of open reading frame, but lacks the 
3 '-end and polyadenylation signal. Clone G3 starts at 168 bp of the 
open reading frame and covers the entire amino add-coding region to 
the termination codon plus 26 bp of the 3 '-untranslated region. These 
clones contain a 1394-bp overlapping region with identical nucleotide 
sequence, the identity of which was further confirmed by sequence 
analysis of the remaining six clones, The DNA sequence of the final 
clone was determined on both strands and compared to the published 
sequence of a cloned, but not expressed, human ovarian FSH receptor 
cDNA (24). Sequence comparison indicated. seven individual basepair 
substitutions between our and the report«i clone, resulting in five 
different amino adds at the following positions; 112 (Thr to Asn), 197 
(Ala to Glu), 198 (Val to Leu), 307 (Ala to Thr), and 680 (Ser to Asn). 



Expression of full-length cDNA in eukaryotic cells 

An EcoRI linker (Promega, Madison, Wl) was inserted into the EcoRV 
restriction site of the pCMX expression vector (17) to generate a plasmid 
(designated pCME) containing an EcoRI cloning site. The cDNA construct 
coding for the entire hFSH receptor (-75 to 2085 bp plus 26 bp of the 
3 '-untranslated region) was then subdoned into the EcoRI site of the 
pCME vector and partially sequenced to determine the orientation of 
the cDNA insert. Exponentially growing 293 cells derived from human 
fetal kidney were transiently transfected in 5 ml Dulbecco's Modified 
Eagle's Medium (DMEM; supplemented with 5% fetal calf serum, 2 mw 
L-g!utamine, 100 U/ml penicillin, and 100 Mg/ml streptomydn sulfate; 
Gibco, Santa Clara, CA) with the expression plasmid (designated pCME- 
hFSHR) using the calcium phosphate precipitation method (25) used 
routinely in our laboratory (17), Twenty-four hours after transfection, 
FSH receptor binding studies were performed by incubating cells (2 X 
I OVO.4 ml) with ["n]hFSH at 22 C for 20 h or as indicated, lodination 
of hFSH (1-3) was performed using the lactoperoxidase method (26). 



The specific activity and maximal binding of ["'IjhFSH, as determined 
by radioligand receptor assay using rat testicular membranes, were 
99,000-110,000 cpm/ng and 7%, respectively, Nonspedfic binding was 
determined by inclusion of a 1,000-fold excess of unlabeled ligahd 
(Pergonal, Serono Laboratories, Randolph, MA), Similar procedures 
were used to analyze the ligand spedfidty of FSH-binding sites in 
testicular homogenates prepared from 15-day-old Sprague-Dawley rats 
(Johnson Labs, Bridgeview, IL), For cAMP analysis, transfected 293 cells 
(2 X 10^/culture dish) were treated with various gonadotropins in the 
presence of 0.25 mM 3-isobutyl-l-methyixanthine (MIX; Sigma Chemical 
Co., St. Louis, MO) for 2 h at 37 C. After incubation, extraceliularcAMP 
levels were determined by spedfic RIA, using ["*I)cAMP (ICN, Costa 
Mesa, CA) as the labeled Ugand and a commerdaliy available cAMF 
antiserum (ICN) (27). The intra- and interassay coeffidents of variation 
were 6% and 10%, respectively. 

Lucif erase reporter gene 

A 654-bp fragment of the 5'-flanking sequence of the rat tissue 
plasminogen activator (tPA) gene ligated to the luciferase gene plasmid 
pl9i:UC (28) was used (designated ptPA-LUC) (29). This portion of the 
tPA promoter region contains a cAMP-responsive element capable of 
mediating gonadotropin-stimuiated tPA gene transcription (29), Expo- 
nentially growing 293 cells were transiently transfected in 5 ml DMEM 
with pCME-hFSHR and ptPA-LUC piasmids (at a ratio of 0.8;0.2; 7.5 
iL^ total DNA). After transfection, cells were collected, counted, and 
dispensed into 12 X 75-mm culture tubes (5 X 10* cells/tube). The total 
volume was brought to 0.3 ml with DMEM containing 0,25 mM MIX 
with hFSH or hCG, and cells were incubated for 18 h at 37 C, After 
incubation, cells were lysed by the addition of 0.3 ml/tube 2 X lysis 
buffer [50 mM Tris-phosphate (pH 7.8), 4 mM dithiothrietol, 4 mM 1,2- 
dianninocyclohexane-N,N,Ar',N'-tetraacetic acid, 20% glycerol, and 2% 
Triton X-100) at 22 C for 15 min. For estimation of ludferase activity, 
10 /il cell lysate mixture were combined with 100 /j1 assay reagent [20 
mM tridne, 1.07 mM (MgCOj)! Mg(OH)2-5H20, 2.67 mM MgSO,, 0,1 
mM EDTA, 33,3 mM dithiothrietol, 270 tiM coenzyme-A, 470 /tw ludferin, 
and 530 mm ATP], and light produdion was immediately measured for 
10 sec in a luminometer (Monolight 2O10, Analytical Luminescence 
Laboratory). 



Preparation of nucleic acid probe for hFSH receptor mRNA 

A fragment of the hFSH receptor cDNA, corresponding to bases 744- 
1026, was isolated after digestion of the hFSH receptor cDNA with the 
HmcII restriction enzyme. This fragment, which possesses less than 50% 
nucleotide sequence homology to the hLH receptor cDNA (17), was 
subdoned into the pGEM4z vedor (Promega), The plasmid clone was 
linearized virith the Sail restriction enzyme and served as a template for 
the production of a cRNA probe using T7 RNA polymerase (BRL) and 
[c(-"PjCTP (3000 Ci/mmol; Amersham, Arlington Heights, IL), as pre- 
viously described. (30), 



Northern blot analysis 

Human ovarian and placental Hssues were provided by Dr. T. Tanaka 
(Hokkaido University, Sapporo, Japan) and Dr. A. Murphy (University 
of Califomia-San Diego), respectively. Total RNA was extracted from 
human tissues using the guanidinium thiocyanate-phenol-chloroform 
extraction procedure (31), Total RNA samples were enriched for poly(A) 
mRNA by a single round of oligo(dT) column chromatography (Phar- 
macia LKB Biotechnology, Piscataway, NJ) and electrophoresed through 
1% agarose-2.2 m formaldehyde gels. Samples were blotted onto nitro- 
cellulose membranes (Schleicher and Schuell, Keene, NH) by overnight 
capillary electrophoresis and covalently cross-linked using a UV cross- 
linker (Stratagene). Membranes were then prehybridized for 2-4 h at 65 
C in the presence of 50% fbrmamide under standard conditions, fol- 
lowed by hybridization with the radiolabeled hFSH receptor cRNA 
probe at the same temperature for 18-20 h (20, 32, 33). Membranes 
were washed in 2 x sodium chloride-sodium citrate {SSC)-0,1 % sodium 
dodecyl sulfate (SDS) for 10 min at room temperature, followed by two 
or three consecutive 15- to 20-min washes in 0,1 X SSC-0.1% SDS at 
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65 C and exposed to Kodak X-Omat film {Eastman Kodak, Roches- 
ter, NY) for 1-5 days at -70 C. 

Ligand receptor cross-linking 

Cross-linking of ['"IjhFSH to binding sites in transfected 293 celis 
and rat testicular homogenates was performed using disucdnimidyl 
suberate {Pierce, Rockford, IL), as previously described (34). Briefly, 6 X 
10' transfected 293 cells or homogenate from 10 immature rat testes 
were incubated with 8 X 10' cpm ["'IlhFSH in the absence or presence 
of a 1000-fold excess of unlabeled hormone at 22 C for 20 h m a total 
volume of 0.4 ml. After incubation, cells or homogenates were diluted 
with 1 ml wash solution (Dulbecco's PBS containing 0.1% BSA, 5 niM 
EDTA, and 5 mM N-ethy!maleimide), pelleted by centrifugatton, washed, 
and recentrifuged. Pellets were then resuspended in 0.5 ml incubation 
buffer (D-PBS containing 10% dimethylsulfoxide), and disucdnimidyl 
suberate (freshly prepared in dimethylsulfoxide) was added to a final 
concentration of 1.5 mM. Cross-linking was carried out at 0 C for 30 
min, and the reaction was stopped by the addition of 1 ml termination 
buffer [50 ihm Tris-HQ (pH 7.5) and 100 mw NaCl]. The reaction tubes 
were centrifuged, and pellets were resuspended in 0.1 ml solubilization 
buffer (50 mM Tris-HCl (pH 7,5) and 1% Triton X-lOO], Solubilization 
was performed by incubation at 0 C for 60 min, with mixing of samples 
every 15 min. The samples were centrifuged for 5 min at 13,000 x g, 
and the resultant supematants were resolved by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), using 8,5% polyacrylamide gels. The 
gels were then subjected to autoradiography at -70 C for 2-14 days. 



Expression and binding kinetics of hFSH receptors in 
eukaryotic cells 

Cells derived from a human fetal kidney cell line (293) 
were transfected with the plasmid pOvlE-hFSHR. After a 
24-h incubation, cells were analyzed by radioligand receptor 
binding (Fig. 1). A dose-dependent increase in s^dfically 
bound p^'IlhFSH was detected in transfected cells incubated 
with increasing concentrations of labeled FSH, whereas no 



specific binding was observed in nontransfected cells (data 
not shown). Analysis of receptor binding indicated a Ka value 
of 1.7 X 10-' M. 

To study the effects of incubation time and temperature 
on the kinetics of FSH receptor binding, transfected 293 cells 
were incubated with [^^'I]hFSH at 4, 22, or 37 C for increasing 
lengths of time, after which specific binding was determined 
(Fig. 2). A time-dependent increase in the levels of specific 
FSH binding was observed in cells incubated at 22 and 37 
C, whereas low levels of ["=I]hFSH binding were detected at 
4 C. Maximal FSH binding was highest in cells incubated at 
22 C, although the time required to reach maximal ligand 
binding was considerably longer in incubations conducted at 
22 vs. 37 C (Fig. 2). 

Interaction of hFSH receptor with recombinant and pituitary/ 
urinary-derived human gonadotropins and TSH 

To test the binding specificity of the expressed hFSH 
receptor for human gonadotropins, transfected 293 cells were 
incubated with [***r|hFSH in the absence or presence of 
increasing doses of unlabeled urinary-derived hCG, or hFSH, 
hLH, or hTSH of botii pituitary and recombinant origin. 
Displacement of labeled FSH from its binding sites was 
expressed relative to the total amount of specifically bound 
["'qhFSH (Fig, 3). Both recombinant and pituitary FSH 
preparations competed with ['^'I]hFSH for FSH receptors 
expressed in 293 cells (EDjo: recombinant, 25 ng/ml; pitui- 
tary-derived, 70 ng/ml), whereas human pituitary LH and 




["•ll-hFSH (ng/m!) 

Fig. 1. Binding of ["*I]hFSH to hPSH receptors expressed in euka- 
ryotic cells, 293 cells were transfected with the hFSH receptor plasmid 
pCME-hFSHR, and binding of radiolabeled hFSH was determined 24 
h later Cells (2 X XO'/tube x 0.4 ml) were incubated with increasing 
concentrations of [«»I]hFSH in the absence or presence of a 1000-fold 
excess of unlabeled ligand. Levels of specifically bound [ IJhFSH are 
shown together with the derived Scatchatd plot (inset; B/F , bound to 
free ratio). Data are the mean ± SEM of triplicate determinations from 
a representative eitpertment 




incubation Time (h) 

FlG. 2. Effects of incubation time and temperature on rate and extent 
of ['"IjhPSH binding to 293 cells. Transfected 293 cells (2 x lOVtube) 
expressing hFSH receptors were incubated with radiolabeled hFSH in 
the absence or presence of a 1000-fold excess of hgand at 4, 22, or 37 
C for increasing lengths of time, after which levels of specifically bound 
I'^IJhFSH were calculated (mean ± SEM of triplicate determinations 
from a representative experiment). An enlarged figure for the first 4 h 
of incubation is presented in the inset. 
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Fig. 3. Interaction of recombinant (RC) and pituitaxy/urinary-derived 
human gonadotropins and TSH with hFSH receptors expressed in 
transfected 293 ceUs. Displacement of (^''IJhPSH binding to hFSH 
receptors by hFSH, hLH, hCG, or hTSH was determined in radioligand 
receptor assays (mean ± SEM of three replicate experiments). 

TSH were effective only at high doses. In contrast, negligible 
interaction of hCG or recombinant hLH or hTSH with the 
expressed FSH receptors was observed (Fig. 3). 

Ligand specificity of human vs. rat FSH receptors 

To assess the ligand specificity of the hFSH receptor, 293 
cells expressing human receptors were incubated with {"^I] 
hFSH in the absence or presence of Lnaeasing doses of eCG 
(PMSG) or FSH from human, rat, ovine, and porcine origin. 
Displacement of ('^'IJhFSH by unlabeled hormone in the 
human receptor was compared to that of testicular homoge- 
nates from 15-day-old rats (Fig. 4). hFSH and rFSH prepa- 
rations were effective in binding to the recombinant hFSH 
receptor {EDm,: hFSH, 70 ng/ml; rFSH, 125 ng/ml), whereas 
only minimal interaction of oFSH, pFSH, or eCG with hFSH 
receptors was observed (Fig. 4A). In contrast, FSH from rat, 
human, and ovine origin as well as eCG effectively competed 
with radiolabeled FSH for binding sites in rat testicular 
homogenates (hFSH = rFSH > oFSH > eCG); however, 
pFSH was effective only at high doses (Fig. 4B). 

Gonadotropin stimulation ofcAMP production and tPA 
promoter-luciferose reporter gene by transfected 293 ceUs 
expressing hFSH receptors 

The functional capacity of the recombinant hFSH receptor 
was tested based on gonadotropin stimulation of cAMP 
production by transfected 293 cells. Treatment of cells with 
human pituitary FSH caused a dose-dependent increase in 
cAMP formation (ED50, 10 ng/ml), with a maximal 13 -fold 
increase observed in response to 100 ng/ml FSH (Fig. 5 A). 
Human pituitary LH also increased cAMP production at 
doses of 100 (4-fold) and 1000 (6.6-fold) ng/ml, whereas 
neither hCG nor recombinant hLH altered cAMP levels 
compared to control values (Fig. 5A). 

Our earlier data demonstrated the stimulation of rat tPA 
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Pig. 4. Displacement of ["njhPSH binding to human and rat FSH 
receptors by human, rat, ovine, equine, and porcine gonadotropins. 
Transfected 293 cells expressing hFSH receptors (A) or rat testicular 
homogenates (B) were incubated with ('"ijhFSH in the absence or 
presence of hFSH, rFSH, oFSH, orpFSH as well as eCG. Displacement 
curves axe presented as a percentage of maximal binding at each dose 
of unlabeled hormone (mean ± SEM of three replicate experiments). 

gene expression in ovarian granulosa cells (32). In granulosa 
cells transfected with a luciferase reporter gene driven by a 
cAMP-responsive region of the rat tPA gene promoter, treat- 
ment with FSH increases luciferase expression (29). Using 
this tPA-lucif erase reporter plasmid, we evaluated the ability 
of human gonadotropins to induce luciferase activity in 293 
cells transfected with plasmids for both hFSH receptor and 
the reporter constructs. Treatment of cells with increasing 
doses of FSH, but not hCG, caused a dose-dependent in- 
crease in luciferase activity, with an estimated EDsc of 8 ng/ 
ml and a maximal 2-fold increase at 100 ng/ml (Fig. 5B). 
These findings demonstrate a functional linkage of recom- 
binant hFSH receptors to the tPA gene. 
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FiO. 6. Genadatwpln BtimuWaon of cAMP jHwductiott (A) and laci- 
farase activity {&) by 293 ceUs wcpresaing hPSH receplore. A, Extm- 
eellular cAMP accumulfttion was measured after tecobation of tram- 
fecied 2^.celte (2 x lO*/culture dish) far 2 h at 37 C with 0.25 him 
MIX. in the absence or presence of hPSH, hLHt .ot hGG. Data are the 
mean ± SBM of sis cultures from three replicate expetiHients (RC, 
recombinant). B, Dose-dependent stinwlation of luclferase ac<avity fey 
hPSH, but nothCG, in 298- cells cotransfiscted mih tins JiPSH receptor 
plasmid and a tiPA promoter-iucatease reporter gf«» constwct (note 
the break in the y-axis). Data are l*e mean dt SBM of kiplicate 
determiiofltJoBB from a reprsaeRtaUve expermient, 

NortkemiM analysis of FSH r&sepbar rnRNAsinhunum 
reproductive tissues 

To study the expression of hFSH receptor mSNA, RNA 
was extracted from human reproductive tissues and anaij-zed 
by Ncathem blot, using a raifiolabded cSNA prc^ corre- 
sponding to the extracellular r^n of cDNA from our cloned 
KESH receptor (Kg. 6). Analysis of })oly<A)--taaiched.inRNA 
prepared from human fcflicular phase ovary indjcated the 




6. Northern blot anftlysis of: hFSH receptor mKNAs in human 
reproductive tissues, Pcily(A)-enricijed RNA samples prepared from 
human folicuiar phase ovary (TPO), 2l-day-oB cprpota lutea (CL), or 
19-week-oId placenta: (PLC) (2;tg/lane) were resolved thro«gb detsa. 
turing agarose gels, transierred to mtrocelluloae filteK, and hybridized 
to a '«!P-Iabel6d hFSH receptor oKNA probe. Filteis were wasted and 
exposed te photOj^^Mc films f<» 5. days at -70 C. Migmtian distaH 
of the 286 and rtbosonia! SNA® of a parallel total RNA sampk 
fcoia huajati ovary are i»dicttted. 

existence of thr«e mRNA ti-anscripts (7;0, 42, artd 2;5 :kb-) 
that were not detected in an equivalent amount of xaKHA 
prepared from corpus luteum (day 21 of the menstrual cycle) 
or placenta (week 19 of pregnancy; Fig. 6). 

Cross-linking of P'-^IJhFSH to FSH-binding sites in 
transfected celk and immature rat testee 

To estimate the molecular size of the recombinant hFSH. 
receptor, [^^I|hFSH was aoss-linked to FSH-binding sites in 
transfected 293 celb using disucdnimidyl mberate, followed 
by SD&-PAGE analysis (Fig. 7), A predGmlnamt autoradi- 
ographic band of protein, with an estimated molecular mass 
of 109 kilodaltorts (kDa; 76 kDa for the binding protein after 
correction for mass attributed to the ligand) was detected in 
traiisfei^d cells expressiiig hPSH receptors, whereas a 1000- 
foM exssss of ligand completely blocked ["^IjhKSH binding 
(Fig. 7). A less abundant protein band of approximately 145 
kDa (112 kDa for the binding proteia) was also pfeseni. 
These findings were comp«abie to those observed for PSH 
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Fig. 7. Cfoi!S*Uiiktng of hFSH- and tfSH-rewptors to (^»l]hFSH. 
Radiolabeled hFSH was oross-hnioed to PSH reo^tors m transfected 
293 ceUs expresgiag KFSH receptors (HUMAN) or rat tegticuiar ho- 
mogenates (RAT) using disuccinimidyl subexate Proteins were sepa- 
rated through B.S% polyacrylatai<b gel<. and analyzed by autoradieg- 
raphy (14 days at -70 C). fbs sizas Ot the proteins were estimated by 
comparison, to migration distance of .known protein mol wt fitandards. 
Symbols indicate the alKenee (-) or presence (+) of a lOOO-foid excess 
of ligand (P«rgonat) daring the bia&ne incubstion period before the 
cross-UnlHiis reaction. 

receptoiB ioaad in testicoiar homogenates of bmnature rats 
under the same experimental, conditions (Hg. .7).. 



We report here the ll^aMd specificity and biochemical 
properties of tiie leconibinafif hFSH recqjtor. Our data in- 
dicate that hreH, but not LH or GG, competes with 
hFSH for binding to the recombinant FSH receptor. In ad- 
dition, hFSH stimulates cAMP production in 293 cells ex- 
pressir^ the human receptor, whereas recombinant hLti and 
hCG are without effect. As a result of stimulation of endog- 
enous cAMP ievete by FSH, a tP A promoter-driven tudferase 
reporter gene was also activated. Similar to the spedes- 
spedfiic iigand binding recently reported for the hLH receptor 
(17), the recombinant hFSH receptor interacts with hi^ 
and rPSH, but only naiumally with eCG or FSH of ovine 
and porcine origins. We also report here the ffest identifica- 
tion of FSH receptor mRNA in human ovaries as well as the 
determination of the molecular size of the recombinant hFSH 
recseptor through itgand cross-tinking analysis. 

Comparison of the present human testicular FSH receptor 
cDNA. with an ovarian cDNA done recently reported (24) 
indicated seven individual basepair substitutions throeghotrt. 
the receptor sequence, resulting in five amino acid changes. 



Although we are imceitain of the basis for the observed 
disparity between our and the reported clone, our FSH 
receptor cDMA could be expressed, whereas no expression 
data were reported for the ovarian clone. Additionally, four 
of the five variant amino acids are identical between our 
hFSH and the reported rFSH receptor sequence (13). The 
ability of 293 cells transfected with our cDNA to express 
high affinii^ FSH receptors coupled to the endogenous ad- 
enyl cydase and a ludlerase reporter gene indicates that our 
clone encodes for a functional protein. 

The avaflability of a cell line that expresses recombinant 
hESH receptoiES has providfid an unlimited source of the 
human receptor mi enabled: us to perform analysis of the 
Kgand^pecifiidty of the human receptor.. RadioHgattd recep- 
tor assap detnoiwtrated that the KFSH receptor does not 
intexact -uMi hOG or recwjidjinaht hLH oc hllSH at physio- 
logical or saipraphysiologfcal concentratkirts. Hov/ever, 
highly purified human pituitary LH and 1SH did eross-react 
with recoiribinant FSH recspiots, sug^stiag Ihat the pitui- 
tarjf hormone preparations contain minor FSH contamina^ 
tion. Furthermore, unlike the ability of rat testicular FSH 
receptors to recognize gonadotropin preparations from di- 
verse species (Ref. 35 and the present study), the human 
receptor interacted preferentially with human and rat FSH. 
These findings coupled with a similar species-^pedfic ligand 
binding of hLH receptors (17) indicate significant evolution- 
ary changes in both human gonadotropin receptors. Alter^ 
natively, we cannot rule out subtle differeinces in posttrans- 
lational processii^ of the receptor in 293 eells vs.- gonadal 
cells that raay mfli«nce its binding characteristics. However, 
the Hgand spedfidty of hlH-bkiding siteS' expressed in 293 
cells (17) is identic^ to tihat of native LH receptors preisent 
in human eotpus tuteum (36), auggesting:fhat the properties 
of ttii^ reccHnbinant proteins are similar to those of endog- 
enous gortadal receptors. 

Saturation binding and Scatchard analysis demonstrated 
that the recombinant FSH-binding site has an eisftmated Ko 
of 1.7 nM, comparable to that reported for FSH receptors in 
human testes (37). In addition, the effects of incubatidft rime 
and temperahire on the rate and extent of ['^"*I}hFSH binding 
by recombinant hFSH receptors were sSmilar to those re- 
ported for rat testicular FSH (35) and LH (38) receptors. 
Recombinant hFSH receptors occupied by gonadotropin are 
also capable of interacting with the endogenous "G-proteins 
of the 293 cells to increase cAMP formation, thus providing 
a useful model to study FSH-activated signal transduction. 
Additionally, the use of a luciferase reporter gette driven by 
the cAMP-responsive promoter of the rat tPA gene (29) has 
indicated that transfected cells expressing hFSH receptors 
respond to FSH with increased ludferase activity. These 
finding;5 provide evidence that FSH-induced signal transduc- 
tion in cells escpressing recombinant liFSH receptors is cou- 
pled to the activation of genes that are regulated by gonad- 
otropins under physiological conditions within gonadal cells 
(32). However, the relatively small magnitude of the PSH 
response using the ludferase system (compared to cAM.P) 
suggests a potential limitation of this assay in its pre^nt 
form. The reasons for tiiis obsorvatian are unclear, but may 
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be related to the lack of gonadal cell-specific transcription 
factors in 293 cells that limit the activation of the ludferase 
reporter gene construct. Nonetheless, future modifications of 
the present cell model and the cAMP-driven ludferase gene 
reporter system should provide a useful and sensitive bioas- 
say for hFSH. 

The availability of hFSH receptor cDNA enabled us to 
study FSH receptor mRNA transcripts within human repro- 
ductive tissues. Northern blot analysis revealed the existence 
of several FSH receptor mRNAs within human follicular 
phase ovary, consistent with those reported for multiple FSH 
receptor mRNA transcripts in rat gonadal tissues (20, 39, 40). 
However, RNA prepared from human corpora lutea did not 
contain detectable levels of this message, suggesting that 
ovarian FSH receptor mRNA levels undergo up- and down- 
regulation during the human menstrual cycle in a manner 
similar to that reported for experimental animal models (20, 
41). 

Based on the deduced amino acid sequence of the hFSH 
receptor cDNA, the calculated molecular mass of the mature 
protein is approximately 75.6 kDa, consistent with the size 
estimation of recombinant FSH receptor based on ligand 
cross-linking and SDS-PAGE and comparable to that ob- 
served for FSH receptors in immature rat testes. Of interest 
was the finding of a less abundant 112-kDa FSH-binding 
site in both transfected 293 cells and rat testes, presumably 
resulting from posttranslational glycosylations of the protein, 
Alternatively, the smaller FSH-binding site may arise from 
proteolytic cleavage of the larger 112-kDa protein, as has 
been suggested by previous studies on hCG-binding sites in 
rat gonadal tissues (42). 

Previous studies using nonreducing PAGE followed by 
ligand blotting have estimated the size of the FSH receptor 
in bovine and rat testicular membranes to be approximately 
240 kDa (43, 44), possibly resulting from receptor aggrega- 
tion and duner formation. Moreover, photoaffinity labeling 
of the pFSH receptor revealed the presence of a major cross- 
linked complex of 104 kDa, which could be reduced with 
dithiothrietol into two smaller complexes of 75 and 61 kDa 
(45). Although the reasons for the discrepancy between our 
and earlier findings are unclear, they may result from varying 
methodologies (e.g. ligand-receptor cross-linking vs. ligand 
blotting) or species differences, Our data, however, suggest 
that binding of FSH does not require prior dimerization of 
its receptor on the plasma membrane, although it is possible 
that receptor aggregation may be important for receptor 
stability and/or signal transduction (46). 

Expression of the hFSH receptor provides urJimited ma- 
teria] for future studies of clinical interest. Additionally, the 
ability to measure cAMF production and ludferase reporter 
gene activity in a cell line expressing hFSH receptors should 
allow the establishment of a sensitive bioassay for human 
gonadotropins and for screening new FSH agonists and 
antagonists. Because earlier reports have suggested the pres- 
ence of circulating antibodies against FSH receptor in patients 
with premature ovarian failure (47-49), the etiology of path- 
ophysiological conditions associated with gonadotropin' re- 
ceptor dysfunction may also be more clearly elucidated. 



Note Added in Proof 

Amplification of human ovarian and testicular mRNA by reverse 
transcription polymerase chain reaction with oligonucleotide primers 
specific for human FSH receptor cDNA sequences, followed by direct 
sequencing of resultant PCR products after T7 gene 6 exonudease 
treatment (50), indicated 100% sequence identity of this human FSH 
receptor cDNA with our done obtained by cDNA library screening. 
Furthermore, independent cloning of human FSH receptor cDNA by R. 
Dijkema and R, de Leeuw (Organon, Oss, the Netherlands) also indi- 
cated 100% sequence identity with our cDNA clone (personal commu- 
nication). Accession no. M95489. 
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Combined dose-ratio analysis of cholecystokinin receptor 
antagonists, devazepide, lorglumide and loxiglumide in the 
guinea-pig gall bladder 

*'L.A. Bishop, V.P. Gerskowitch, R.A.D. Hull, N.P. Shankley & J.W. Black 

James Black Foundation, 68 Half Moon Lane, London SE24 9JE and ♦Department of Analytical Pharmacology, King's 
College School of Medicine & Dentistry, The Rayne Institute, 123 Coldharbour Lane, London SE5 9NU 

1 Interactions between cholecystokinin octapeptide (CCK-8) and CCKA-receptor antagonists derived 
from benzodiazepines (devazepide) and glutamic acid (lorglumide and loxiglumide) have been examined 
in an improved bioassay using the guinea-pig, isolated, gall bladder preparation. 

2 The presence of CCKB-receptors in the assay was provisionally-ruled out on the basis of the low 
potency of pentagastrin in the assay. By applying analyses of both agonism and antagonism, pentagas- 
trin was shown to behave as a partial agonist at the CCKA-receptor. 

3 Devazepide, lorglumide and loxiglumide behaved as simple competitive antagonists of CCKa- 
receptors and pATe values of 9.98, 7.59 and 7.07 were estimated, respectively. 

4 Application of a combined dose-ratio analysis to the interactions between CCK-8 and combinations 
of devazepide/lorglumide and devazepide/loxiglumide indicated that these molecules behave as syntopic, 
competitive, antagonists at the CCKA-receptor. 

5 We conclude that the guinea-pig gall bladder assay contains a homogeneous population of CCKa- 
receptors and offer an explanation for the differences between our results and those obtained recently by 
Maubach et al. (1991) which were taken as preliminary evidence for CCKA-receptor heterogeneity. 

Keywords: Receptor, cholecystokinin; muscle, smooth, gall bladder; pentagastrin; devazepide; lorglumide; loxiglumide 



Introduction 

The pharmacological classification of cholecystokinin (CCK)/ 
gastrin receptors as CCK^ and CCKb was proposed on the 
basis of the behaviour of selective agonists and antagonists in 
both radioligand binding studies and functionally-intact 
bioassays (see Woodruff & Hughes, 1991). Among the most 
frequently-used antagonists for testing and developing this 
classification are the benzodiazepine derivative, devazepide 
(Evans et al, 1986) and the glutamic acid derivatives lor- 
glumide (Makovec et al., 1987) and loxiglumide (Setnikar et 
al., 1987). Devazepide, lorglumide and loxiglumide are 
reported to be selective, competitive, antagonists for CCKa- 
receptors with pA:d values of ~ 10.1, 7.7 and 6.5, respectively 
as compared with pA:d values at CCKe-receptors of ~ 6.6, 
5.6 and 5.0, respectively (Setnikar et al., 1987; Lotti & 
Chang, 1989). These p/Cg values have been estimated on the 
assumption that the agonist-antagonist interactions are com- 
petitive. If these ligands are to be used to prove the 
homogeneity of hormone receptors, then the assumption that 
the competitive behaviour is due to mutual exclusivity at a 
common site, so called syntopic behaviour, must be made. 

However, 'competitive' behaviour can be found for exam- 
ple in bioassays involving high efficacy agonists and func- 
tional antagonists and in ligand binding assays involving 
agonists and allosteric antagonists. 

There are marked differences in chemical structure and 
physico-chemical properties between the benzodiazepine and 
glutamic acid derivatives and the peptide hormone itself. 
Consequently, it seemed pertinent to question whether these 
ligands compete for the same site at the CCKA-receptor. We 
have applied a combined dose-ratio analysis (Paton & Rang, 
1965; Black et al., 1986; Shankley et al., 1988) which, as far 
as we are aware, provides the only currently available test for 
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behaviour consistent with a syntopic, competitive mechanism 
of action. The experiments were performed on the guinea-pig 
gall bladder assay which has conventionally been considered 
to contain a single population of CCKA-receptors. We found 
that it was necessary to improve the existing assay so that it 
met the generally-accepted criteria for quantitative analysis 
(Furchgott, 1972; Black & Shankley, 1985). However, during 
the course of these studies Maubach et al. (1991) presented 
data which, they concluded, provided preliminary evidence 
for CCKA-receptor heterogeneity in the guinea-pig gall blad- 
der. Our findings are discussed in the light of their conc- 
lusions. 



Methods 

Guinea-pig gall bladder assay 

The assay was based on the method described by La Morte 
et al. (1981). In brief, four longitudinal strips of smooth 
muscle were dissected from each gall bladder taken from 
male Dunkin-Hartley guinea-pigs (250-500 g) and suspended 
in 20 ml organ baths maintained at 29°C±0.5 in modified 
(low Ca^*) Krebs-Henseleit solution (mM: Na+ 143, K'' 5.9, 
Ca'*0.5, Mg'M.2, CI" 128, HPO4'- 1.2, S04'^ 1.2, 
D-glucose 10, HCO3- 25) and gassed with 95% O2 and 5% 
CO2. Following the application of a single 1 g load, the 
tissues were allowed to relax until a stable baseline was 
produced. Tension, expressed in grams, was continuously 
recorded with an isometric transducer. 

Experimental protocols 

A stable baseline was achieved after an initial 20-40 min 
relaxation period at which time the bathing solution was 
replaced and tissues incubated for a further 60 min period in 
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the absence of an antagonist or appropriate vehicle. In 
preliminary studies it was found, following a primary CCK-8 
concentration-effect (E/[A]) curve, that there was a residual 
degree of CCKA-receptor stimulation even though the tissue 
had been subject to multiple washes (6 washes at 5min 
intervals). Therefore, only a single, cumulative, agonist E/[A] 
curve was obtained in each tissue. Experiments were 
allocated to a randomised block design so that 4-8 replicates 
were obtained for each treatment group. 



Data analysis 

Logistic curve-fitting E/[A] data from individual prepara- 
tions were fitted to a general logistic function to provide 
estimates of the midpoint slope parameter (p), midpoint loca- 
tion (log[Aso]) and upper asymptote (a) of the curves. These 
parameters, expressed as mean ± s.e.mean, were used for 
subsequent analysis and display of data (see Black & Shank- 
ley, 1985 for details). 

Competitive analysis Competitive analysis was performed 
according to the procedure described previously (Black et al., 
1985a). When no significant differences in values of p and a 
were found by one-way ANOVA, then the logfAw] values in 
the absence and presence of antagonist (B) were directly 
fitted to the following derivation of the Schild equation, 

log[A5„]B = log[A5o] + log (l + ■ 

When the Schild slope parameter (b) was not significantly 
different from unity, then the data were re-fitted with b 
constrained to unity so that the antagonist equilibrium dis- 
sociation constant could be estimated as log ± s.e. For 
purposes of display, conventional Schild plots have been 
constructed with slopes of unity which intersect the abscissa 
scale at the pK^ calculated by the method above. 

Combined dose-ratio analysis This analysis was performed 
according to the procedure developed by Shankley et al. 
(1988). In brief, when two antagonists act syntopically, that 
is, at the same site, then their combined dose-ratio is given 

by: 

r(B + c) = Tb + Tc - 1 
where Tb and re are the dose-ratios obtained independently in 
the presence of the antagonists B and C, respectively. This 
relationship can be re-written in terms of the experimentally- 
estimated logfAso] values, 

Sa = 10g[A5o]B + C - log([A5o]B + [A5„]c - [Ajo]), 

where Sa is the test statistic for the model which will have a 
value of zero when the data comply with the model. 
Similarly, when two antagonists act independently, that is, 
allotopically, their combined dose ratios multiply, 

r(B + c) — Tb Tc 

This relationship may also be expressed in terms of log[Aso] 
values, 

Sm = log[A5„]B.c - log[A5o]B - log[A5o]c + log[A5o], 
so that Sm, the test statistic, will have a value of zero when 
the data complies with this model. 

Analysis of agonism The agonism expressed by pentagastrin 
was analysed by direct model-fitting of the concentration- 
effect curve data to the following equation which describes 
the behaviour of an agonist in a single receptor-effector 
system (Black & Leff, 1983): 

Em[A]"t" 
"(KA + (A])»-h[ArT" 



The fit was performed using the BMDP derivative-free, non- 
linear regression, programme (Dixon, 1990) on a VAX 3200 
computer. The parameters for the maximum effect (Em) and 
the slope parameter of the transducer function (n) were 
constrained to numeric values (see Results) and estimates 
made of the equilibrium dissociation constant (JSTa) and the 
operational efficacy (t) (for further details see Black et al., 
1985b). 

Compounds 

Compounds were obtained and prepared as follows: the sul- 
phated octapeptide of cholecystokinin (CCK-8) and penta- 
gastrin were obtained from Cambridge Biochemicals Ltd., 
UK. CCK-8 was dissolved in 10% absolute ethanol to pro- 
vide a final stock solution of 2 mM concentration. Pentagas- 
trin was dissolved in 100% dimethylformamide (DMF) to 
give a 100 mM stock. Devazepide, also known as L364718 (a 
gift from Merck, Sharpe & Dohme Ltd, U.S.A.), was dis- 
solved in DMF to give a 0.12 mM stock concentration. 
Lorglumide (CR1409) and loxiglumide (CR1505) (Rotta Spa, 
Milan) were dissolved in an aqueous solution of NaOH 
(pH = 8) to give a 12 mM stock concentration. All com- 
pounds were subsequently diluted in distilled water. The 
maximum volume of DMF and distilled water added to any 
one 20 ml organ bath was 20 Ml and 500 fil, respectively. 
Neither the vehicles nor the antagonists were found to pro- 
duce significant effects on baseline tone. 



Results 

Analysis of CCK-8 concentration-effect (E/[A J ) curve 
data in guinea-pig gall bladder 

Assay problems were encountered when cholecystokinin 
octapeptide (CCK-8) was used as agonist on the guinea-pig 
gall bladder assay prepared according to the method of La 
Morte el al. (1981) who used it for studying the effects of 
histamine. Although concentration-dependent responses were 
obtained, the assay was prone to agonist-induced spon- 
taneous activity and, as shown previously (Nieber et al., 
1988), unstable response profiles (Figure la). This behaviour 
made the determination of precise response levels uncertain. 
In addition, an unacceptably high variation was found in the 
shape and location (log[A5o]) of the E/[A] curves (Figure la). 

The spontaneous activity was eliminated by reducing the 
temperature from 37°C to 29°C and by lowering the [Ca^*] 
from 2.5 mM to 0.5 mM (Figure la). A reduction in 
variability was obtained by the use of very small (3 X 1 mm) 
strips cut from the body of the gall bladder (Figure la). 
These changes had the effect of reducing the standard devia- 
tion about the mean log[Ajo] from 0.79 to 0.39 (n = 21, 
n = 24, respectively) and increasing the potency of CCK-8 by 
almost one log unit. Moreover, under the improved assay 
conditions the E/log[A] curves were consistently monotonic 
and symmetrical around the log[A5o]. Therefore, it was pos- 
sible, objectively, to analyse the data by fitting it to the 
three-parameter logistic function (see Methods) to obtain the 
parameter values like those shown in Table 1. 

Analysis of pentagastrin concentration-effect (E/fAJ) 
curve data in guinea-pig gall bladder 

CCK-8 is reported to be a powerful stimulant of not only 
CCKA-receptors but also CCKg-receptors (Lotti et al., 1986). 
Therefore, it was possible that the analysis of the antagonists 
could be confounded by the presence of CCKe-receptors 
which might also be coupled to smooth muscle contraction in 
the gall bladder. This was investigated with pentagastrin as 
agonist because it is a selective agonist with nM potency in 
those tissues classified as containing CCKa-receptors (Lotti et 
al., 1986) but only fiM potency in those now classified as 
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Figure 1 Development of the guinea-pig gall bladder assay, (a) 
Experimental traces showing cholecystokinin octapeptide (CCK-8) 
E/[A] curves obtained by cumulative dosing. Traces showing, (I) 
spontaneous activity observed when the assay was prepared accord- 
ing to La Morte et al., 1981, (II) a complex curve following the 
reduction of both temperature, from VC to 29°C, and [Ca^*] from 
2.5 mM to 0.5 mM and (III) a monotonic curve following the addi- 
tional reduction in the size of the preparation (see Results for details) 
(b) Simulations showing theoretical E/[A] curves obtained from a 
mathematical model which describes the summation of effects from 
multiple units of tissue within a single bioassay preparation. Each 
unit is assumed to produce E as a simple rectangular hyperbolic 
function of [A], so that the total effect is given by, 

«i-[A] +_«2jA]_ +__a2jA]_ 
[Ajoli + lA] [A5o]2 + [A] [A5„]3 + [A] 
The potency ([Ajq]) of A and the maximum effect (a) can vary in 
each unit. In the simulations, assays are assumed to consist of (I) one 
functional unit ([AsoJi = 1 nM, aj = 0.5), (II) two functional units 
with log[A5o] values separated by 2 log units ([AjoJ, = 0.3 nM, 
[Asol: = 100 nM) and equal contributions to the total effect 
(a, = aj = 0.5), (III) three functional units with logtAjo] values 
separated by 1.5 log unit intervals ([Aso]i = 1 nM, [Ajo]2 = 30nM, 
[Asok = 1 >im) and unequal contributions to the total effect 
(a, = 0.20, 02 = 0.20, «3 = 0.60). 



Table 1 Analysis of cholecystokinin octapeptide (CCK-8) 
and pentagastrin E/IA] curves on the guinea-pig gall bladder 

assay ^ 

logistic curve-fitting parameter!^ 
n log[A5ol p « (force:g) 

CCK-8 4 -8.63 ± 0.13 0.63 + 0.05 0.42 ±0.12 

Pentagastrin 4 -5.38 ±0.11 0.87 ± 0.18 0.16 + 0.05' 

Agonism model-fitting^ 
Pentagastrin 4.86 ± 0.52 0.34 ± 0.24 

'Significantly different from the value of a for the CCK-8 
E/[A] curve, P <M5. ^CCK-S was assumed to be a high 
efficacy agonist in the assay to permit estimation of pATa and 
T values for pentagastrin (see text for details). 'See Methods 
for details. 



containing CCKA-receptors (Williams et al., 1978). 

Although pentagastrin produced concentration-dependent 
increases in tension, it was 10000 fold less potent than CCK-8 
and the maximum of the pentagastrin E/[A] curve (a) was 
significantly less than that obtained with CCK-8 (Figure 2a 
and Table 1). To determine whether pentagastrin was acting 
as a partial agonist at CCKA-receptors, two further 
experiments were performed. First, pentagastrin E/[A] curves 
were obtained in the presence of a concentration (0.1 |1M) of 
the selective CCKA-receptor antagonist, devazepide, which is 
~ 1000 fold higher than its at CCKA-receptors but 
~ 2.5 fold lower than its reported at CCKB-receptors. 
Second, CCK-8 E/[A] curves were obtained in the absence 
and presence of 100 |xm pentagastrin which was pre-incubated 
for iOmin. 

The results (Figure 2b) were consistent with pentagastrin 
behaving as a partial agonist at CCKA-receptors; that is, 
devazepide totally abolished the response to pentagastrin and 
pentagastrin produced a small (1.13 ± 0.18 log unit) 
significant shift of the CCK-8 E/log[A] curve in quantitative 
agreement with expectations for the interaction between a 
low efficacy and high efficacy agonist competing for a com- 
mon receptor (Barlow et al., 1967). This conclusion was 
supported by the results of directly-fitting the individual pen- 
tagastrin E/[A] data to the model of agonism described by 
Black & Leff (1983) (see Methods). A good fit was obtained, 
as judged-by-eye, and estimates were made of the equilibrium 
dissociation constant, K^, and the efficacy parameter, t, for 
pentagastrin at the CCKA-receptor (Table 1 and Figure 2a). 

The model fitting was only possible by making the, as yet 
untestable, assumption that CCK-8 was a high efficacy 
agonist in the assay. Thus, the value of a for CCK-8 could be 
taken to be equal to the model parameter for the maximum 
possible agonist effect in the system (Em) and the midpoint 
slope parameter (p) of the CCK-8 concentration-effect curve 
taken to be equal to the midpoint slope of the transducer 
function (n). Importantly, the pi^B (5.10 ±0.18, d.f. = 7), 
estimated for pentagastrin from the single shift competition 
experiment using CCK-8 as agonist, was not significantly 
different from the equilibrium dissociation constant value 
(p/Ta = 4.86 ± 0.52, d.f. = 13) estimated by the analysis of the 
agonism produced by pentagastrin. 

Therefore, the presence of potentially-confounding re- 
sponses due to activation of CCKs-receptors could be pro- 
visionally ruled-out. 

Analysis of competitive antagonism 

Devazepide, loxiglumide and lorglumide produced 
concentration-dependent inhibition of the CCK-8-induced 
contractions resulting in parallel, rightward, displacement of 
the E/log[A] curves. Subsequent analysis of the log[A5o] 
values indicated that the compounds behaved as simple com- 
petitive antagonists over the range of concentrations used 
and pATe values were estimated (Table 2 and Figure 3). 

Combined dose-ratio analysis 

The combined dose-ratio analysis experiments were designed 
to test whether the three antagonists, the glutamic acid 
derivatives (lorglumide and loxiglumide) and the benzo- 
diazepine derivative (devazepide) acted syntopically at the 
CCKA-receptor. The optimum discrimination between the 
multiplicative and additive models is achieved, theoretically, 
when large dose-ratios are used in the test. However, in 
practice, we were restricted to a maximum shift of 2-2.5 log 
units of the CCK-8 E/[A] curve by the limited solubihty of 
CCK-8 itself. Therefore, antagonist concentrations were 
chosen which were predicted to produce log dose-ratios of 
approximately 1.7. Thus, if addition of dose-ratios occurred 
then the predicted combined log dose-ratio of 2 would have 
been fully-quantifiable. Clearly, if the dose-ratios multiplied 
then the CCK-8 E/[A] curves would have been displaced to 
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Figure 2 (a) E/[A] curves obtained using cholecystokinin octapep- 
tide (CCK-8) (•), pentagastrin (O) and pentagastrin in the presence 
of 100 DM L-364718 (■) in the guinea-pig gall bladder assay. Data 
from individual preparations (« = 4) were fitted to a general logistic 
function and the midpoint slope location (log[Aso]) and upper 
asymptote (a) of the curves expressed as mean ± s.e.mean. The hat- 
ched line shown superimposed on the pentagastrin E/[A] data was 
drawn using the parameters estimated by fitting the Black & Leff 
(1983) model of agonism (see text for details), (b) CCK-8 E/[A] 
curves in the absence (•) and presence (O) of 100|im pentagastrin 
preincubated for 30min. 



Table 2 Analysis of cholecystokinin octapeptide (CCK-8) 
antagonist interactions on the guinea-pig gall bladder assay 



Lorglumide 1.05 (0.23) 7.59 (0.21) 

Loxiglwnide 1.27 (0.16) 7.07 (0.21) 
Devazepide 1.19 (0.09) 9.98 (0.13) 



such an extent (log dose-ratio = 3.4) that only threshold 
CCK-8 responses would have been visible. The data obtained 
in both experiments were consistent with the additive, syn- 
topic, model and allowed rejection of the multipUcative, 
allotopic, model (Figure 4 and Table 3). Thus, lorglumide 
was concluded to be acting syntopically with devazepide 
which, in turn, was found to act syntopically with loxi- 
glumide. 





(Antagonist) (log m) 

Figure 3 Analysis of competitive antagonism: (a) cholecystokinin 
octapeptide (CCK-8) E/[A] curves (n = 6/8 ± s.e.mean) in the 
guinea-pig gall bladder assay in the absence (•) and presence of (O) 
0.4, (■) 0.6, (□) I, (A) 1.5, (A) 2.5, (♦) 4nM loxiglumide. (b) 
Schild plots for the interaction between CCK-8 and devazepide (•), 
loxiglumide (■) and lorglumide (□) on the guinea-pig gall bladder 



The primary aim of the study was to determine if the benzo- 
diazepine derivative, devazepide, and the glutamic acid 
derivatives, loxiglumide and lorglumide, act syntopically and 
competitively at CCKA-receptors in the guinea-pig gall blad- 
der. Although this preparation has been previously described 
(La Morte et al., 1981), in practice, we found it was neces- 
sary to improve the existing techniques for CCKA-receptor 
bioassay. We wanted to apply models of agonism and 
antagonism, based on the applicability of the Law and Mass 
Action to the ligand-receptor interactions. These require for 
simplicity that measurements of effect are made when the 
agonist response achieves a clearly-defined, sustained plateau. 
This steady-state condition is usually assumed to indicate an 
underlying equilibrium condition at the receptors. 

In addition to improving the signal-to-noise ratio and 
reducing spontaneous activity in the tissues to allow accurate, 
response measurement, the technical changes provided the 
bonus of increasing the apparent potency of the CCK-8. This 
allows the behaviour of the antagonists to be studied over a 
wider range of concentrations, with the E/[A] curves fully- 
defined, than would have otherwise been possible due to the 
limited solubility and cost of the peptide agonist, CCK-8. 

No evidence for CCKs-receptors was found in the im- 
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Figure 4 Combined dose-ratio analysis: cholecystokinin octapeptide 
(CCK-8) E/(A] curves in the absence (•) and presence of 6nM 
devazepide (O), 1 fiM loxiglumide (■) and a combination of 6 nM 
devazepide and 1 fiM loxiglumide (□). The dashed line shows the 
location of the CCK-8 E/[A] curve which was predicted by assuming 
that the antagonists acted independently. 



Table 3 Combined dose-ratio analysis 



Devazepide (6nM) Devazepide (6nM) 



Observed log re 
Observed log rc 
Multiplication; 
Expected log r(B + c) 
Addition: 

Expected log r(B + o 
Observed log r(B + c) 



hrglumide (1 \m) 


loxiglumide ■ 


1.68 


1.20 


2.18 


1.84 


3.87 


3.04 


2.30 


1.92 


2.19 


1.99 


0.11 ±0.26 


0.01 ± 0.21 


1.68 ±0.42* 


1.14 ±0.30* 



•Significantly different from zero, /><0.05. 



proved assay and it was shown that the benzodiazepine 
derivative, devazepide, and the glutamic acid derivatives, loxi- 
glumide and lorglumide, behaved syntopically and com- 
petitively at CCKA-receptors. From a medicinal chemistry 
point of view, this result suggests that a molecular model of 
the CCKA-receptor requires receptor binding homology for 
these different chemical structures and the peptide hormone, 



CCK-8, itself. In addition, we did not find any evidence for 
CCKA-receptor heterogeneity as judged by the finding that 
the CCK-8 E/[A] curves were symmetrical and monotonic in 
the absence and presence of the antagonists and that the 
Schild plots were linear over a wide range of antagonist, and, 
therefore, agonist concentrations. 

Recently, Maubach et al. (1991) published, in abstract 
form, data from the analysis of the interactions between, 
inter alia, CCK-8 and two of the antagonists used in this 
study, devazepide and lorglumide, in an assay also prepared 
from the guinea-pig gall bladder. In their study, a Schild 
plot slope significantly greater than unity was obtained with 
devazepide. The CCK-8 E/[A] curves, in both the absence 
and presence of the antagonists, were referred to as 
'extended' because increases in tension were obtained over 
Slog cycles of CCK-8 concentration. Maubach et al. (1991) 
concluded that this was preliminary evidence for CCKA- 
receptor heterogeneity. Clearly, our results do not support 
this view. There are several obvious technical differences 
between their studies and ours; they incubated antagonists 
for 30min rather than 60min; their experiments were con- 
ducted at 37'C whereas we used 29*C; consecutive CCK-8 
E/[A] curves were obtained on each preparation rather than a 
single one; the assay consisted of half gall bladders rather 
than short, thin strips. Our experience with long strips of 
tissue suggests that CCK-8 E/[A] curves could be flat with 
associated high variance if the muscle was taken from a 
relatively large area of the gall bladder (Figure 1). 

We have considered one explanation for these 'extended' 
curves which may have general applicability to the develop- 
ment and interpretation of other bioassays. Regional varia- 
tion of hormone receptor concentration is recognised within 
physiological structures such as the urinary bladder (Taira, 
1972). The operational model of agonism (Black & Leff, 
1983), in common with other models (Furchgott, 1966), 
predicts that this variation would have the effect of changing 
the potency of high efficacy agonists. It was possible to 
simulate the various profiles of 'extended' CCK E/[A] curves 
shown in Figure 1 by assuming that the assays prepared from 
larger pieces of muscle contain several operational units of 
muscle. Thus, although the receptors in the units are the 
same, each unit has a different sensitivity to the agonist. The 
total effect measured in an assay was assumed to be given by 
the summation of the effects produced by the individual units 
(Figure lb). In terms of this model, it is as though, by 
choosing to use small strips of muscle taken from the central 
section of the gall bladder, that we have selected a 
homogeneous muscle unit set with high CCKA-receptor con- 
centration, so that potent, monotonic CCK-8 E/[A] curves 
were obtained. 
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The effects of the local administration of cholecystokinin octapeptide (CCKg) in the posterior nucleus accumbens (N. Acc.) and of BC264 (a 
selective CCKg agonist) in the anterior N. Acc. on dopamine (DA) neurotransmission were studied in awake rats. Microdialysis was used to 
quantify the extracellular contents of DA and its two metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). In the 
posterior N. Acc, a perfusion of 10"^ M CCKj for 40 min (i.e. 25 praol) increased the extracellular levels of DA, DOPAC and HVA. In 
contrast, 10"" M BC264 perfused for 40 min (i.e. 350 pmol) into the anterior N. Acc. reduced extracellular DA but did not modify DOPAC and 
HVA levels. These findings suggest that the CCK-DA interactions are different in various regions of the N. Acc. and emphasize the functional 
heterogeneity of the N. Acc, issuing in part from its particular DA innervation (mixed CCK-DA terminals only in the posterior region) but also 
from the distribution of the CCK fibers and binding sites in this nucleus. This microdialysis study, using perfusions of CCK compounds in the N. 
Acc. of freely moving rats, shows that the CCK system might play an important regulatory role in limbic DA function. 



INTRODUCTION 

The carboxy-terminal sulfated cholecystokinin oc- 
tapeptide (CCKg) is one of the most abundant pep- 
tides in the brain. It acts as a neurotransmitter and/ or 
a neuromodulator via two CCK receptor subtypes, the 
CCK^ receptors or peripheral type and the CCKg 
receptors or central type. In 1980, Hokfelt et al.'^ 
showed that CCKg is present in a subpopulation of rat 
mesencephalic dopaminergic neurones. In rodents, as 
well as in primates and humans, these mixed CCK-DA 
neurones are localized mainly in the ventral tegmental 
area (VTA), but also in the substantia nigra pars 
compacta'*'". In rodents, it has been shown that these 
neurones project to different limbic structures, such 
as the medial septum, the medial olfactory tubercule 
and the postero-medial nucleus accumbens (N. 
^pj, )i7.i9,20.35 -Yhh latter region also contains CCKg 
afferents issuing from the nucleus tractus solitarius''^. 



* Corresponding author. Fax: (33) (I) 43 26 69 18. 



In contrast, the anterior part of the N. Acc. receives 
DA terminals from the VTA and CCKg afferent fibers, 
probably originating from neurones of the frontal cor- 
tex and amygdala"'''^. Moreover, the distribution of 
CCK binding sites was shown to be heterogenous in 
the N. Acc, CCKb receptors being more abundant in 
the rostral region than in the caudal region^^ which 
probably also contains CCK^ receptors'. 

In agreement with this neuroanatomical organisa- 
tion, dopaminergic transmission is clearly modulated 
by the CCKergic system, as illustrated by the CCKg-in- 
duced increase in the firing of the DA neurones of the 
rat VTA^ In previous release experiments per- 
formed in rats, CCKg was found either to have no 
effect on DA release'^ or to increase and decrease 
basal and K"^-evoked DA release, respectively'*^"'"'. 
Furthermore, a reduction of the K"*'-evoked release of 
DA following treatment by CCKg has been reported^^ 
while an increase has also been shown'". These dis- 
crepancies cannot be explained by taking into account 
the heterogeneity of the N. Acc. Ruggeri et al.^^ have 
shown, by microdialysis experiments in anesthetized 
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rats, that CCKg increases DA release in the anterior 
N. Acc. but has no effect in the posterior region. On 
the other hand, CCKg was shown to decrease the 
K ■•'-induced DA release from slices of the anterior N. 
Acc, possibly through CCKg receptor activation, and 
to increase this evoked release by CCK^ receptor 
stimulation in the posterior N. Acc.^*. These appar- 
ently inconsistent modulatory effects of CCK in the N. 
Acc. could be due to differences in the dopaminergic 
innervation (colocalization or not CCK-DA) and/ or to 
tonic or phasic activity of the dopaminergic system. 
Accordingly, different behavioral responses can be ob- 
served, depending of the injection site of CCKg and 
analogues in the N. Acc. and of the emotional state of 
the animals^-*-8>^-^'-^. 

The aim of the present study was therefore to anal- 
yse the effects of CCKg on the extracellular contents of 
DA and its two metabolites homovanillic acid (HVA) 
and 3,4-dihydroxyphenylacetic acid (DOPAC) in the N. 
Acc. by microdialysis in freely moving rats^*. The use 
of awake animals is important, since anaesthesia could 
modify DA release in rats^"*. For this study, microdialy- 
sis probes were first implanted in the median N. Acc. 
and biochemical and behavioural controls were carried 
out after intraperitoneal (i.p.) injection of d/l- 
amphetamine, a classical DA releaser which induces 
notably a hyperactivity in animals. CCKg, a mixed 
CCK a/ CCKg agonist or BC264, a highly potent and 
selective CCKj, agonist^ were locally administered 
through the probes in the posterior and the anterior N. 
Acc., respectively, at doses corresponding to those pre- 
viously shown to induce behavioural modifications*-^. 
Moreover, the choice of the compounds and of their 
injection sites (i.e. BC264 in the anterior N. Acc. and 
CCKg in the posterior N. Acc.) was made on the basis 
of previous studies, showing that CCKg but not BC264 
produced a behavioral effect after injection into the 
posterior N. Acc.^. A lack of effect of CCKg agonists 
(unsulfated CCKg, pentagastrin) in this region has also 
been reported on DA release from slices of N. Acc.^*. 
In contrast, both CCKg and BC264 administered in the 
anterior N. Acc. had similar effects on rat behavior®. 
Moreover, CCKg or unsulfated CCKg modified DA 
release from slices of anterior N. Acc.^*. Finally, the 
CCKb receptor antagonists did not suppress the be- 
havioral effects of CCKg in the posterior N. Acc., in 
contrast to their action in the anterior N. Acc.^. 

MATERIALS AND METHODS 
Animak 

Male Wistar rats (Elevage Depre, France) weighing about 200 g 
at the time of surgeiy were used. They were housed in groups of four 



in a temperature and humidity controlled environment and had free 
access to food and water. 



Swgery 

Rats were anesthetized by an i.p. injection of chloral hydrate (400 
mg/kg), mounted in a stereotaxic apparatus (Unimecanique, France) 
and implanted with an unilateral stainless steel cannula guide (20 
gauge, i.e., 0,9 mm in diameter) 1 .5 mm above the N. Acc, according 
to the atlas of Paxinos and Watson^'. For the o/L-amphetamine 
experiment, the coordinates were: rostral: +1.7 mm; lateral: +1.6 
mm and ventral: -8 mm relative to bregma and skull surface. For 
the BC264 experiment, implantations in the anterior N. Acc. were: 
rostral: +2.1 mm; lateral: + 1.6 mm and ventral: -8 mm and for the 
CCKg perfiision in the posterior N. Acc., the coordinates were: 
rostral: +1.2 mm; lateral: +1.2 mm and ventral: -8 mm. 

After implantation, the animals were treated with Extencilline'^ 
(0.3 MUI/kg, intramuscular) to prevent infection. They were tested 
7 days after surgery. 

Brain microdialysis procedure 

The dialysis probes were constructed according to Robinson and 
Whishaw^' with 3 mm of active membrane (Spectrum, Medical 
Industries Inc.). The outer diameter of the dialysis membranes was 
0.2S mm and their molecular weight cut-off was 6000 Da. 

The probes were inserted into the rat N. Acc. via a connector 
that controlled the depth of penetration and were fixed onto the 
chronically implanted cannula guide by a locking screw. The connec- 
tor was attached to a liquid swivel located on a balance beam to 
minimize discomfort to the rat. A polyethylene tubing was connected 
to the swivel and attached to a 2.5-ml syringe (CMA, Carnegie 
Medicin). The animals were implanted with the probes the night 
prior to the experiment and placed in individual black boxes (40 x 40 
X 40 cm). This period allowed the animals to become accustomed to 
the system and minimized disturbances due to the insertion of the 
probe. The following day, the polyethylene tubing was connected to a 
microinfusion pump (CMA/ 100, Carnegie Medicin) and rats were 
continuously perfused for 2 h at 2 (til/min with dialysis buffer (120 
mM NaCl; 5 mM KCl; 1.8 mM CaClj; 1.2 mM MgClj; 0.2 mM 
phosphate-buffered saline pH 7.4 with a final sodium concentration 
of 120.7 mM) in order to reach a steady state. The perfusate was 
then collected in small tubes containing 15 jul of the HPLC mobile 
phase (for the composition see below) with the addition of 5 ju.1 of an 
antioxydant solution (EDTA 0.04% in 0.1 M perchloric acid). In 
order to determine the basal efflux of the amines, 3 baseline samples 
(20 min each) were collected, the animals were then treated either by 
a 40 min perfusion of CCK compounds or by an i.p. injection of 
D/L-amphetamine; nine additional 20-min dialysis samples were 
then collected. The change in perfusion medium from saline to 
CCKg or BC264 solutions was carried out by hand, taking care to not 
introduce bubbles in the tubing. 

Behavior monitoring 

To evaluate the duration of the global activity of the animals 
during the experiments, their behavior was recorded by a video 
processor analysis system (Videotrack S12, View Point, Lyon, France) 
consisting of a video camera placed above the individual animal 
boxes and linked to a computer. The displacement of the center of 
gravity of the animals was calculated to quantify the activity of the 
rats. All the ambulatory movements (i.e. movements towards a given 
point) and the non-ambulatoiy movements (i.e. little movements 
without deplacement of the animals, such as rearing or grooming) 
were considered as activity periods. The total duration of these 
movements was measured for each 20-min session of sample collec- 



Determination of the in uitro recovery 

To estimate the in vitro recovery of the three monoamines (DA, 
DOPAC, HVA), the same protocol was used as for the in vivo 
experiments. The extremity of the probes was placed in an eppendorf 
containing the monoamines dissohred in dialysis buffer (10~^ M for 
DOPAC and HVA; 10"^ M for DA). The probes were perfused at 
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37+ t°C at a flow rate of 2 /il/min with dialysis buffer free of 
monoamines. The perfusate was collected at 20-inin intervals in the 
same mixture as mentioned above. The percentage of recovery was 
estimated for each molecule by the foll«jwing ratio: concentration of 
the monoamine in dialysis samples / concentration of the monoamine in 
the outside medium. The recovery was 9.87 ±0.92% for DA, 9.%± 
0.40% for DOPAC and 11. 10 ±0.70% for HVA, « = 12. 

In order to estimate the in vitro recovery of the perfusion of 
CCKg and BC264 through the dialysis membrane, probes were 
placed into an eppendorf containing 1 ml of dialysis buffer and were 
perfused (2 ;il/min; 37±rC) with the same solution containing 
either 10"* M CCKj with 500 cpm/^al of [^H]pCCKs added as 
tracer or ID"'' M BC264 with 500 cpm/^l of [3H]pBC264 added as 
tracer. The eppendorf tube was replaced every 20 min and the 
radioactivity was counted in a liquid scintillation ^-counter (1209 
Rackbeta, LKB Wallac). The recovery was determined by the follow- 
ing ratio: radioactivity counted in the tube / radioactive drug perfused 
through the probe during 20 min. The recovery was 3.25 + 0.34% for 
CCK„, n = 7 and 4.47±0.43% for BC264, n = 8. 



Neurochemical measurements 

DA, DOPAC and HVA were quantified by HPLC with electro- 
chemical detection. The HPLC system consisted of an isocratic 
Knauer 64 pump linked to an automatic sample injector (Wisp 71 OB, 
Waters). A Cjg column (100 mm X 2.3 mm, 3 jum particle size; 
Catecholamine, Europhor, France) was used to separate the biogenic 
amines. They were detected by a coulometric electrochemical system 
(Coulocbem ESA, model 5100A) using three electrodes (a guard cell, 
model 3020 BSA and an analytical cell containing two electrodes in 
series, model 5011 ESA). The guard cell was set at +0.4 V and 
placed before the injector to decrease background noise resulting 
from oxidlzable compounds in the mobile phase. The working elec- 
trodes were set at + 0.35 V and - 0.23 V, respectively. The mobile 
phase (0.015 M sodium acetate, 0.015 M citric acid, 1.2-1.7 mM 
sodium octane sulfonate, 0,2 mM EDTA and 12.5% methanol, pH 
3.8) was delivered at a flow rate of 0.9 ml/min. The 3 monoamines 
were eluted within 10 min and the peaks were monitored by a data 
processor (CR5A, Shimadzu). Standard samples containing DA, 
DOPAC and HVA and standard curves ranging from 0 to 2000 pg 



were used to quantify each compound. The limit of detection of 
these molecules was around 15 pg per sample. 



Histology 

Rats were sacrificed with an overdose of chloral hydrate. The 
brains were removed, frozen and cut in a cryostat. The slices (50 fim) 
were stained with cresyl violet and the location of the implantation 
site was determined according to the atlas of Paxinos and Watson^" 
(Fig. 1). Probes that traversed more than 70% of the N. Acc. were 
considered to be correctly placed. The anteriority was estimated in 
regard to the islands of Calleja and the laterality relative to the 
anterior commissure. Approximately 7% of rats were not correctly 
implanted and were eliminated from the data calculations. 



Drugs and treatments 

To evaluate the sensitivity of the DA fibers in the N. Acc. under 
our experimental conditions, the classical DA releaser d/l- 
amphetamine sulfate (Calaire chimie, Calais, France) was dissolved 
in 0.9% saline and administered at doses of 0.5 and 2 mg/kg i.p. 

Cholecystokinin octapeptide sulfate (CCKg) and the CCKg ago- 
nist BC264 (Boc-TyKS03H)-gNle-mGly-Trp-(NMe)Nle-Asp-Phe- 
NHj) synthesized in the laboratory as previously described by Char- 
pentier et al.', were dissolved in dialysis buffer. BC264 was perfused 
for 40 min at either 10"' and 10"* M. Given the percentage of 
recovery obtained in vitro, it was estimated that, under these condi- 
tions, 35 and 350 pmol of BC264, respectively, reached the N. Acc. 
CCKj was also perfused for 40 min at doses of 10"', 10"' and 10"' 
M i.e. 2.5, 250 fmol and 25 pmol, respectively, when taking into 
account its percentage of recovery. 

[^H]pBC264 was synthesized in the laboratory ' and ('HjpCCKj, 
was from Amersham (Buckinghamshire, England). 

The pH value (7.4) was controlled for each solution before use in 
the experiments. 



Data analysis 

The results for each rat were first converted to the percentage of 
change from the average of the three baseline measurements taken 
before treatment and the mean and the S.E.M. were then calculated. 



TABLE I 

Average basal extracellular levels, uncorrected for recovery, of DA, DOPAC and HVA in the median, posterior and anterior N. Acc. of rats 
Data are given in pg/20 min sample and in nanomolar concentrations {between parenthesis) and expressed as means ± S.E.M. of the three basal 
microdialysis samples taken before drug treatment. Statistical comparison of the means (ANOVA one way): DA: ^2,^ = 4.901, = 0.0100; 
DOPAC: Fjj^ = 6.141, P = 0.0034; HVA: f , 7^ = 6,034, P = 0.00,37. 



DA DOPAC HVA 



Median N. Acc. 
















Saline (« = 5) 


34.1 ± 


4.7 


(4.5 ± 0.6) 


920.9 ±201.3 


(U7.0±29.9) 


641.0± 126.5 


(88.0 ±17.4) 


D/L-Amph. 0.5 mg/kg (n = 5) 


33.9 ± 


5.5 


(4.5 ±0.7) 


909.0 ±158.5 


(135.2 ±23.6) 


615.7+ 90.0 


(84.5 ± 12.3) 


D/L-Amph. 2.0 mg/kg (« = 6) 


40.3 ± 


5.1 


(5.3 ±0.7) 


1222.7 ±216.0 


(181.8 ±32.1) 


724.7+124.3 


(99.4+ 171) 


Mean (n = 16) 


39.5 ± 


4.2 


(5.2 ± 0.5) 


1047.1 ± 145.8 


(155.7 ±21.7) 


676.9 ± 98.9 


(92.9 ± 13.6) 


Posterior N. Acc. 
















Saline (n = 9) 


47.1 ± 6.6 


(6.2 ± 0.9) 


1590.9 ± 204.4 


(2366 ± 30.4) 


1037.0± 169.1 


(142.3 ±23.2) 


CCKg 10"5M(/» = 9) 


58.3 ± 


7.7 


(7.7 ± 1.0) 


1623.0±201.4 


(241.4 ±30.0) 


949.7 ± 93.2 


(130.3 ±12.8) 


CCKg 10-'M(n = 8) 


49.2 ± 


7.2 


(6.5 ± 0.9) 


1554.8 ± 207.7 


(231.2 ±30.9) 


964.7 ±100.2 


(132.4 ±13.7) 


CCKg 10-''M(/7 = 8) 


51.8±ll.l 


(6.8+1.5) 


1522.0 ±224.9 


(226.4 ±33.4) 


1009.3 ±164.8 


(138.5 ± 22.6) 


Mean (n = 34) 


51.5± 


3.7 


(6.8 ± 0.5) 


I574.7± 100.0 


(230.2 ± 14.9) 


991,2 ± 64.5 


(136.0 ± 8.9)" '' 


Anterior N. Acc. 
















Saline (n = 9) 


36.5 ± 


7.5 


(4.8 ±1.0) 


1217.6± 176.7 


(181.1 ±26.3) 


693.0 ± 85.0 


(951 ± 11.7) 


BC 264 10"" M(n = 9) 


35.7 ± 


4.3 


(4.7 ±0.6) 


11 10.3 ±107.2 


(165.1 ±15.9) 


756.6+ 67.8 


(103.8 ± 9.3) 


BC264 10"' M(n = 9) 


33.4 ± 


3.7 


(4.4 ± 0.5) 


1228.5 ±127.2 


(182.7 ±18.9) 


702.5 ± 51.5 


(96.4 ± ZD 


Mean (n = 27) 


35.1 ± 


2.8 


(4.6 ± 0.4) 


1 188.6 ± 80.7 


(176.8 ±12.0) 


731.6 ± 38.2 


(100.4 ± 5.2) 



' P< 0.01 vs. anterior N. Acc; * P < 0.05 vs. anterior N. Acc; " P < 0.01 vs. median N. Acc; '' P < 0.05 vs. median N. Acc, Newman-Keuls test. 
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Fig, 1. Histological control of brain slices (50 fim). The right side of 
the figures represents a trace of a typical implantation site and the 
left side is from the atlas of Paxinos and Watson^. Arrows show the 
tip of the probes. A: microdialysis probe placement into the anterior 
N. Acc. B: microdialysis probe placement into the posterior N. Acc. 



The dialysis time-course data were analysed using a two-way re- 
peated measure (treatment and time) analysis of variance (ANOVA). 
When this analysis was significant, one-way (treatment) ANOVA was 
followed by a Dunnett's i-test. A statistical comparison of the global 
basal levels of DA, DOPAC and HVA in the anterior, median and 
posterior N. Acc. was made by a Newman-Keuls test. The 5% level 
for statistical significance was chosen a priori. 

RESULTS 

Effects of acute D/h-amphetamine 

The effects of acute D/L-amphetamine were investi- 
gated in order to verify the sensitivity of the N. Acc. 
DA fibers under our experimental conditions. 

No difference was found in the basal levels of DA 
and its metabolites in the medial N. Acc. of rats before 
D/L-amphetamine treatment versus saline treatment 
(Table I). 

Acute D/L-amphetamine increased DA outflow be- 
tween 40 and 80 min after administration: 172.0 ± 
14.1% and 275.0 ± 29.8% of the basal efflux at 0.5 and 
2.0 mg/kg i.p., respectively, ^2.13 treatment = 8.421 

0.0045, ^8.104 time = 8-506 P = 0.0001, F,6,,04 interaction = 

3.040 P= 0.0003. On the other hand, for both doses, a 
reduction in metabolite levels was observed. For 
DOPAC: 71.8 ± 1.5% and 49.7 ±5.8% of baseline at 
0.5 and 2.0 mg/kg, respectively; F2.13 ueatmcnt = 4.193 



P = 0.0393, F8,o4 ,i„e = 3.297 P = 0.0022, F,6.,04 
interaction = 0-593 P = 0.8825. Fot HVA: 73.1 ± 4.2% and 
50.3 ± 8.6% of baseline at 0.5 and 2.0 mg/kg, respec- 
tively; F2.13 treatment = 4.095 P = 0.0418, Fg ,04 ,j„e = 

5.408 F = 0.0001, F,6,o4 i„„„c.ion = 1-397 F = 0.1576. 

Effects of CCKg perfused in the posterior nucleus ac- 
cumbens 

There was no difference in the basal levels of DA, 
DOPAC and HVA between the treated groups and the 
saline group before treatment (Table I). 

After treatment, two-way ANOVA showed a signifi- 
cant increase in extracellular DA efflux following a 
40-min perfusion of 10"' M CCKg (i.e. 25 pmol) (Fig. 
2). This effect was maximum at the start of the perfu- 
sion (164.3 ± 11.9% of basal), and the DA levels re- 
turned to basal concentrations at the end of the perfu- 
sion. A clear but not significant increase in extracellu- 
lar DOPAC and HVA levels was also observed. 

Effect of BC264 perfused in the anterior nucleus accum- 
bens 

Before treatment, there was no difference in the 
basal levels of DA, DOPAC and HVA between the 
treated groups and the saline group (Table I). 

After treatment, the data analysis showed a signifi- 
cant difference between the treated groups and the 
saline group for extracellular DA outflow (Fig. 3). 
BC264 produced a significant decrease to 55.4 ± 5.6% 
of basal levels when perfused for 40 min at a concen- 
tration of 10"'' M (i.e. 350 pmol). This decrease ap- 
peared at the end of the perfusion and was still signifi- 
cant 60 min later. On the other hand, the treatment 
had no significant effect on the extracellular levels of 
either DOPAC or HVA. 

Comparison of the basal levels of DA, DOPAC and HVA 
between the two parts of the nucleus accumbens 

As previously discussed, before treatment there was 
no difference in the basal levels of the three 
monoamines between the four groups of rats implanted 
in the posterior N. Acc. (i.e. saline, CCKg 10"^ M, 
CCKg 10-' M and CCKg 10"^ M groups; Table I). 
Similary, there was no difference in the basal levels 
between the three groups of rats implanted in the 
anterior N. Acc. (i.e. saline, BC264 10""* M and BC264 
10"^ M groups; Table I) and between the three groups 
implanted in the median N. Acc. (i.e. saline, d/l- 
amphetamine 0.5 mg/kg and D/L-amphetamine 2.0 
mg/kg groups; Table I). The global means of the basal 
levels of DA, DOPAC and HVA were then calculated 
by grouping, for each molecule, the values measured 
before treatment in all the rats implanted (1) in the 
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median N. Acc. (/i = 16), (2) in the posterior N. Acc. 
(n = 34) and (3) in the anterior N. Acc. (n = 27). These 
calculations are reported in Table I. The statistical 
analysis showed that these global basal levels were 
significantly higher in the posterior than in the anterior 
or the median portions of the N. Acc. 

Behavioral effects 

After treatment by 0.5 or 2.0 mg/kg d/l- 
amphetamine i.p., the locomotor activity of the rats 




Fig. 2. Time-course effects of a 40-niin local perfusion of CCKg on 
the extracellular levels of DA (A), DOPAC (B) and HVA (C), 
uncorrected for recovery, in the posterior N. Acc. The presence of 
CCKj in the N. Acc. shown in the figures by the black arrows, was 
estimated talcing into account of the dead volume of the perfusion 
system and shown in the figures by the black arrows. The 100% value 
represents the mean of the three baseline dialysis samples taken 
before drug administration and the results are expressed as the 
percentage of this mean; bars are S.E.M. In order to not overload 
the figures, only a few S.E.M. bars are shown. Two-way ANOVA: 
DA: F, 27 „,„„ent = 9.099, P = 0.0003; Fg 216 ,]„,= = 8-409, P = 0.0001; 

^24 216 inleracion = 3.707, /> = 0.0001. DOPAC: F3 27 .rea.raem = 0-849, 
P = 0.4556; Fg 215 ,ime = 3.257, P = 0.0015; F24 2I6 interaction = 0.982, 
/' = 0.4912. HVA: ^327 „eatn,enl = l-^l^, /> = 6.2069; Fg^u ,ime = 

0.591, F = 0.6996; f24 2,6 interaction = 1009, P = 0.4548. *,'P<0.05; 
**, P < 0.01; Dunnett's «-test. a Saline; O CCK8 10"' M; * CCK8 
10-' M; ♦ CCK8 10"* M. 




Fig. 3. Time-course effects of a 40 min local perfusion of BC264 on 
the extracellular levels of DA (A), DOPAC (B) and HVA (C), 
uncorrected for recovery, in the anterior N. Acc. The presence of 
BC264 in the N. Acc. shown in the figures by the black arrows, was 
estimated taking into account of the dead volume of the perfusion 
system and shown in the figures by the black arrows. The 100% value 
represents the mean of the three baseline dialysis samples taken 
before drug administration and the results are expressed as the 
percentage of this mean; bars are S.E.M. In order to not overload 
the figures, only a few S.E.M. bars are shown. Two way ANOVA; 
DA: F223 irca.mom = 10.881, P = 0.0005; F8,84 ,i„^ = 6.497, /> = 
0.0001; i=",<i,g4 imeraciion = 2.968, F" 0.0002. DOPAC: ^22.1 ircatoKm 
= 0.461, P = 0.6358; F^i^ = 4.086, P = 0.0002; /^i* 184" interaction 
= 1.441, P = 0.1257. HVA: F2 23 .rcaimcm = 0.044, P = 0.9569; fg ,^4 
= 11.426, />= 0.0001; f,6,,84 i„,eraclion = 0.448, P = 0.9670. \ 'P< 

0.05; **, P<0.01; Dunnett's r-test. a Saline; •BC264 10"' M; 
♦ BC264 10-" M. 

was increased by approximately 150 and 250%, respec- 
tively, as compared to the saline animals, which moved 
for about 7 min/20 min session; ,3 treatment 10.123 
P = 0.0002, ^8,04 = 9.305 P = 0.0001, F^^^^^ 

interaction = 0.943 > = 0.3715. 

In contrast, none of the CCKergic perfusions modi- 
fied the global activity of the animals. Without treat- 
ment, the rats implanted in the posterior N. Acc. spent 
about 3 min/ session in movements; the perfusion of 
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CCKg did not modify this time: /"jzy treatment = 1-21'7 
P = 0.3190, Fg^2,6 = 1.296 p'= 0.2245, F24.216 
j^,^^3^,.^„ = 1.015 P = 0.4486. When implanted in the 
anterior region, the control animals, as well as those 
treated with BC264, moved about 6 min/ session: ^2,23 

treatment = 0-616 P = 0.5491, ^8,134 ,i„,e = 1-531 P = 0.121, 
^16.184 interaction = 0-599 P = 0.9228. 

Even though it is not statistically significant, it is 
interesting to note the differences in the duration of 
movements as a function of the localization of the 
implantation site of the dialysis probe. Animals im- 
planted in the posterior N. Acc. ( + 1.2 mm/bregma) 
seemed less active (3 min of activity) than those im- 
planted in the median ( + 1.7 mm/bregma; 7 min of 
activity) or the rostral parts ( + 2,1 mm/bregma; 6 min 
of activity). 

DISCUSSION 

In the present study we have determined the effects 
of CCK compounds on DA neurotransmission in the 
N. Acc. by using intracerebral microdialysis applied to 
freely moving rats. Extracellular basal dialysate levels 
of DA and its two metabolites DOPAC and HVA were 
of the same order as those obtained in several previous 
studies"*-"-'^. The responsiveness of the DA fibers in 
the N. Acc. was verified by i.p. administration of 0.5 
and 2.0 mg/kg of o/L-amphetamine. The respective 
172% and 275% increases of DA outflow and the 
decrease in the extracellular levels of DOPAC and 
HVA measured in the N. Acc. were in good agreement 
with the well known facilitation of DA release and 
inhibition of monoamine oxydase induced by o/L- 
amphetamine^^'*. Furthermore, as expected, these bio- 
chemical modifications were associated with the classi- 
cal behavioral effect of o/L-amphetamine i.e. a drastic 
increase in rat motor activity following the drug admin- 
istration. 

In the posterior N. Acc., the highest dose of CCKg 
(10"'' M) perfused during 40 min, i.e. 25 pmol, induced 
a measurable effect on DA neurotransmission by in- 
creasing the extracellular levels of DA for 40 min while 
DOPAC and HVA were slightly but not significantly 
increased. This effect could result from two phenom- 
ena: an enhancement of DA release and/ or an inhibi- 
tion of its reuptake. These results were in good agree- 
ment with the recent in vitro studies of Marshall et 
al.^* showing an increase of DA release in slices of N. 
Acc. under CCKg superfusion. Our results give sup- 
port to the proposed potentiation of the effects of DA 
by CCKg in the posterior N. Acc.*. On the other hand, 
under the experimental conditions used, no modifica- 
tion of motor activity was observed, even with the 



highest dose of CCKg which produced a 64% increase 
of DA levels in the perfusate. 

In general an increase of DA release in the N. Acc. 
is associated with a hyperactivity'*, however, several 
explanations can be proposed for the lack of behavioral 
modification following local CCKg treatment. First, the 
DA release induced by CCKg is perhaps too low to 
produce a behavioral effect, although 0.5 mg/kg of 
D/L-amphetamine, which induced a comparable in- 
crease of DA in the N. Acc, was able to induce a 
hyperactivity. However, the CCKg was administered 
locally in the posterior N. Acc. while the o/L- 
amphetamine was given i.p. and then could act on 
many other neuronal systems to produce its locomotor 
effect (anterior part of the N. Acc, dorsal striatum). 
Another hypothesis is that the DA release observed 
after CCKg treatment could be restricted to a category 
of DA neurones which are not involved in hyperloco- 
motion. Accordingly, anatomical studies have shown 
ultrastructural differences suggesting distinct subpopu- 
lations of mesencephalic DA neurones projecting to 
the rat N. Acc."*. A third possibility is that the lack of 
change in global activity after local CCKg perfusion 
into the posterior N. Acc. could be due to the habitua- 
tion of the rats to their environment, since they were 
placed in the boxes the day prior experiments. Indeed, 
certain behavioral effects can only be observed under 
certain experimental conditions, for instance, CCK8 
was shown to induce a hypoexploration measured in 
the four hole box or in the open field, only in rats non 
accustomed to these tests*. In our study, the habitua- 
tion could possibly explain the absence of behavioral 
effects. Experiments are in progress to evaluate the 
importance of the environment on the DA release 
induced by CCKg and its link with the behavioral 
effects. 

Finally, if the effect of CCKg is physiologically sig- 
nificant, this could indicate that the peptide behaves as 
a positive feed-forward modulator of DA release, since 
CCKg contained in the mixed CCK/ DA neurones was 
shown to be co-released with DA after amphetamine 
or potassium treatments. This CCK release would in- 
crease that of DA. Nevertheless, this hypothesis is not 
the only one possible, since recent anatomical data 
have shown that CCK terminals issuing from neurones 
of the nucleus tractus solitarius are also present in the 
posterior N. Acc."^. 

In the anterior N. Acc, the 40 min perfusion of 
10"" M of the selective CCKg agonist BC264 (i.e. 350 
pmol) decreased significantly the extracellular DA out- 
flow for 60 min following the end of the perfusion. A 
similar decrease in DA release has been recently re- 
ported from slices of anterior N. Acc.^*. On the other 
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hand, no modification of the metabolite levels was 
observed. Although the extracellular levels of metabo- 
lites are not necessarily a good reflection of the neu- 
ronal enzymatic activity, this lack of effect on the 
extracellular levels of DOPAC and HVA could be due 
to a compensatory modification of catabolic activities 
(monoamine oxydase and catecholamine-O-methyl 
transferase) in order to maintain a constant level of 
metabolites despite the reduced DA release. However, 
this hypothesis would need further investigation to be 
validated. Finally, the lack of quantitative change in 
the global motor activity of animals is in agreement 
with a previous study, showing a qualitative, but not a 
quantitative, modification of locomotor activity after 
intra-accumbens injection of BC264. A decrease of the 
spontaneous alternation but not of the number of arm 
visits (measured in the Y-maze) has been reported 
after the administration of BC264 in the anterior N. 
Acc. in the same picomolar dose range as used in this 
study*. It is interesting to note that a 6-hydroxydopa- 
mine lesion in the N. Acc, which decreases the DA 
content, also induced a decrease in the spontaneous 
alternation behaviour of rats'"-^^. 

This study provides evidence that CCKg and BC264 
modify DA neurotransmission in the N. Acc. and leads 
to an important question: what part of the synapse (i.e. 
pre or postsynaptic element) is involved in the effects 
of CCKg and BC264? A direct action on DA terminals 
was suggested, since tetrodotoxin (a voltage-dependent 
sodium channels blocker) was unable to block the 
CCKg-induced modifications of DA efflux from slices 
of N. Acc.^''. Nevertheless, no modification in the den- 
sity of CCK binding sites was found in the N. Acc. after 
6-hydroxydopamine lesions of mesolimbic and nigros- 
triatal DA neurones'^. One possible reason for this 
discrepancy might be due to a low density of CCK 
receptors on the DA terminals, which would mean that 
the reduction of binding following lesioning would not 
be significant. Another possibility could be an action of 
CCKg on terminal fibers coming from other structures 
which act on DA terminals such as glutamatergic fibers 
from the hippocampus or amygdala or GABAergic 
fibers. 

Finally, the differences observed between the basal 
levels of DA, DOPAC and HVA in the anterior, me- 
dian and posterior N. Acc. on one hand and between 
the locomotor activity of the rats implanted in these 
three regions on the other hand are interesting. In the 
caudal region of the N. Acc, the basal release of the 
three biogenic amines appeared to be higher than in 
the other regions. A similar region specific difference 
in DA release has also been shown to occur in super- 
fused slices of anterior and posterior N. Acc. under 



conditions of K "^-evoked release^^. Moreover, the global 
DA content was also shown to be different in the N. 
Acc. with DA innervation being more important in the 
caudal part than in the rostral one"*. In agreement 
with these findings, our data show that the rats im- 
planted in the posterior N. Acc. have a slight, although 
not significant, reduction in their locomotor activity. 
On the other hand, it cannot be excluded that the 
implantation of the probe in the various parts of the N. 
Acc. induced lesions of neural networks differently 
involved in the control of locomotion. 

This paper reports the first microdialysis results 
showing modifications of the extracellular levels of DA 
in various parts of the N. Acc. by CCK compounds in 
freely moving rats. These data suggest that the modula- 
tion of the DAergic function of the N. Acc. involves 
two different mechanisms in the anterior and the pos- 
terior regions of this structure. In the rostral region, 
the DA release is reduced via the activation of CCK g 
receptors while DOPAC and HVA levels were not 
changed, indicating a possible metabolic compensation. 
In contrast, in the caudal region, an increase in extra- 
cellular DA and its metabolites was observed. Thus, 
this functional antagonism between the two regions of 
the N. Acc. may explain the numerous discrepancies 
reported in the literature (opposite effects or lack of 
effect). Finally, the lack of quantitative modification of 
the global motor activity of the rats following treatment 
with both CCK agonists could be explained by an 
habituation of the animals to their environment. It 
could be interesting to study whether the CCK-induced 
modification of DA neurotransmission is identical or 
not in rats submitted to a novel environment or placed 
in stressful conditions. 

In conclusion, these results underline the impor- 
tance of CCK-DA interactions in the N. Acc. The CCK 
system might play an important regulatory role in lim- 
bic DA function, which is disturbed in several psychi- 
atric disorders. Indeed, several studies in animals and 
some clinical trials have implicated the CCK system in 
anxiety ^^'^ and in schizophrenia". These interactions 
between the two systems are all the more interesting, 
since a reduction of o/L-amphetamine-evoked DA re- 
lease has been found in the rat anterior N. Acc. after 
peripheral administration of ceruletide, a mixed 
CCK^^/CCKg receptor agonist^". Increasing our 
knowledge in this field could lead to the possibility of 
modulating certain DAergic treatments by CCK ago- 
nists or antagonists. 
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A number of new l,4-benzodiazepin-2-one-based gastrin/CCK-B receptor antagonists related 
to the archetypal analogue L-365,260, and more closely to the recently reported compound 
YM022, have been synthesized and evaluated for biological activity. The compounds were 
screened for their ability to inhibit the binding of l'25l]CCK-8 to gastrin/CGK-B receptors 
prepared from rat brains and that of 13H]L-364,718 to CCK-A receptors from rat pancreas, 
and were shown to be potent and selective ligands for the gastrin/CCK-B receptor. Functional 
studies in vivo demonstrated the compounds to be antagonists of the receptor as evidenced by 
their ability to inhibit pentagastrin-induced gastric acid secretion in anesthetized rats. More 
extensive evaluation in vivo included determination of ED50 values in the rat acid secretion 
model for selected compounds and an examination of the effect of these compounds on 
pentagastrin-induced gastric acid secretion in Heidenhain pouch dogs following oral and 
intravenous administration. Two compounds, i.e. (3i?)-N-|l-|(terf-butylcarbonyl)methyll-2,3- 
dihydro-2-oxo-5-(2-pyridyl)-l//-l,4-benzodia2epin-3-yl|-A/'-|3-(methylamino)phenyl]urea, 15c 
(YF476). and (37?)-N-|l-[(ferf-Butylcarbonyl)methyll-2,3-dihydro-2-oxo-5-(2-pyridyl)-l//-l,4- 
benzodiazepin-3-yl!-A/'-[3-(dimethylamino)phenyllurea hydrochloride, 15d. showed potent dose- 
dependent effecti^^tri-botl>-models-w+t+i-the4oFmer-^howmg-& ^ 

an EDso of 2 1 nmol/kg po in dogs. 15c is currently under clinical investigation for the treatment 
of gastro-oesophagal reflux disease (CORD). 



Introduction 

Gastric acid secretion is controlled by the action of 
(H+,K*)"ATPase (the proton pump) in response to 
stimulation of muscarinic (M3), histamine (Hz), or 
gastrin receptors by their respective agonists. Hz recep- 
tor antagonists and proton pump inhibitors are highly 
effective in reducing acid secretion'"^ and have been the 
treatments of choice for peptic ulcer disease for a 
number of years. However, prolonged inhibition of 
secretion with either of these agents causes continuous 
stimulation of G-cells, resulting in hypergastrinaemia 
which is believed to lead to hyperplasia of the oxyntic 
mucosa''^ and the so-called acid rebound phenomenon. 
In addition, long-term administration of omeprazole, the 
prototypical proton pump inhibitor, results in the 
growth of gastric carcinomas in rats,^ although such an 
effect has not been observed in humans.^ 

With the discovery of evidence for the involvement of 
the pathogen Helicobacter pylori in the majority of 
peptic ulcer cases, clinical prescribing regimens have 
changed. The increasing use of combination therapies 
has meant that antisecretory drugs are given for much 
shorter periods of time and any rebound effect is less 
important. However, Helicobacter pylori is not impli- 
cated in the pathogenesis of gastro-oesophagal reflux 
disease (GORD), and with longer treatment courses 
required with existing antisecretory drugs for treatment 
of this disorder, hypergastrinaemia, acid rebound, and 
relapse again present a problem. 
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Gastrin- 17 is a heptadecapeptide hormone which acts 
as a physiological mediator of acid secretion in response 
to meals. It is closely related to cholecystokinin (CCK), 
the C-terminal pentapeptide portion being identical. 
Cloning of the gastrin and CCK receptors, designated 
CCK-A (the peripheral receptor) and CCK-B (the central 
receptor), has shown the gastrin and CCK-B receptors 
to be identical.* More recently there has been convinc- 
ing evidence for a second gastrin receptor, which can 
bind the glycine-extended form of gastrin- 17 and which 
appears to be responsible for the mitogenic effects of 
gastrin.^ 

With the above in mind, we decided to investigate 
inhibitors of the gastrin/CCK-B receptor as an alterna- 
tive method of reducing gastric acid secretion, or indeed 
as an adjunct to longer term treatment with known 
inhibitors of acid secretion, which would avoid gastrin- 
mediated side effects and hence provide a useful new 
treatment for GORD and other gastrointestinal disor- 
ders. 

We have recently described the discovery of a potent 
series of 1.4-benzodiazepin-2-one gastrin/CCK-B recep- 
tor antagonists related to the archetypal analogue 
L-365,260 (1, Figure 1) with sub-nanomolar affinities 
for the receptor, the compound YM022 (2)'° being the 
optimal structure in our series. ' ' Further improvement 
of the in vivo activity and bioavailability of these 
derivatives by incorporation of 1-alkylcarbonylmethyl 
and 5-(2-pyridyl) substituents has been communicated 
in preliminary form. '2- 

In this paper we would like to present the structure- 
activity relationship studies which led us to the discov- 
ery of (3;<)-Af'-(/-|(fert-Butylcarbonyl)methyll-2,3-dihydro- 
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1,L-365,760 2,YM022 




15c,YF476 

Figxire 1. Structures of benzodiazeplne-based gastrin/CCK-B 
ligands. 

2-oxo-5-(2-pyrldyl)-lW-l,4-benzodiazepin-3-yll-/V-[3- 
(methylamlno)phenyl]urea, (15c, YF476), a novel, potent 
gastrin/CCK-B antagonist incorporating a combination 
of tiiese and othier modifications and which is currently 
undeFgoing-clinicaLtrials. 

Chemistry 

Two approaches have previously been applied suc- 
cessfully to the synthesis of 3-substituted 1,4-benzodi- 
azepines. The first involves construction of the parent 
heterocycle, followed by functionalization. In the case 
of 3-amino derivatives, this has been best achieved by 
formation of an oxime at the 3-position of the 1 -alkyl- 
ated 1,4-benzodiazepine, followed by catalytic hydroge- 
nation.''' As previously reported, YM022 was readily 
prepared using this procedure." This method turned 
out not to be generally applicable, however, as attempts 
to adapt the chemistry for use in compounds with a 5-(2- 
pyridyl) substituent on the benzodiazepine scaffold 
failed at the final stage (Figure 2) when imine isomer- 
ization to give 8 was observed in addition to the desired 
oxime reduction. 

The alternative strategy for the synthesis of 3-sub- 
stituted l,4-benzodiazepin-2-ones requires N-acylation 
of a 2-aminobenzoyl derivative with a carboxylic acid 
containing a suitable masked amine group X at the 
a-position (Figure 3). The amine functionality is even- 
tually revealed and the intermediate cyclized to give the 
desired benzodiazepine. 

This approach has been used to provide 3-amino- 
substituted benzodiazepines in good yield by coupling 
of 2-aminobenzophenone to a-(isopropylthio)-AA(benzyl- 
oxycarbonyl) glycine '5 (i.e. Figure 3, X = isopropylthio), 
followed by mercuric chloride-induced displacement of 
the thioether group with ammonia and finally acid- 
catalyzed cyclization to provide the desired benzodiaz- 
epine.'^ In our hands, this method proved very useful 
for the small-scale preparation of a wide range of 
protected 3-amino-5-arylbenzodiazepines and was highly 
amenable to producing series of analogues with 1-, 3-, 
and 5-position variations. Scale-up reactions, however, 
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Figure 2. Synthesis of 3-amino- l-l(fert-butylcarbonyl)- 
methyll-2,5-dihydro-5-(2-pyridyl)-l/y-l,4-benzodiazepin-2- 
one. Reagents and conditions; (i) BrCHzCOBr, AcOH; (ii) (a) 
NH3. (b) AcOH; (iii) (a) NaH, DMF, (b) 'BuCOCHzBr; (iv) (a) 
KO'Bu, (b) 'AmONO; (v) H2/5% Ru on C, 60 °C. 20 kg/cm^. 




acylatlon 



Figure 3. General strategy for benzodiazepine synthesis. 

gave variable yields, and large-scale use of thioethers 
and highly toxic mercury salts is clearly undesirable. 
We were, however, able to make use of the same 
strategy for the construction of the benzodiazepine ring 
by using benzotriazole as the displaceable group (Figure 
4) as reported recently by ourselves'^ and others. The 
benzyl carbamate of a-(l-benzotriazolyl)glycine'^ (9) was 
coupled to the requisite (2-aminobenzoyl)aryl derivative 
in excellent yield, the benzotriazole moiety was then 
displaced with ammonia under mild conditions, and the 
ring synthesis was completed by brief acid treatment 
to form the benzodiazepine 11. High yields of crystal- 
lizable products were obtained in this way under mild 
conditions and without the use of toxic reagents, and 
this route became our method of choice. 

Conversion of 11 to the key intermediate 13 was 
accomplished by 1-alkylation with 1-bromopinacolone, 
followed by removal of the carbamate protecting group. 
In the 5-phenyl series the alkylated compound 12a could 
be readily deprotected by hydrogenolysis of its benzyl 
carbamate (Z) protecting group. However, attempted 
removal of the Z-group from the 5-(2-pyridyl) analogue 
12b under the same conditions resulted in concomitant 
reduction and/or isomerization of the benzodiazepine 
imine function, depending on the hydrogenation condi- 
tions. The deprotection could, however, be effected in 
this case by treatment of 12b with dry HBr in DCM. 
With carbamate protecting groups other than Z, a 
cleaner conversion to 13b was achieved by treatment 
with TMSI.17 

It is well documented that the opposite enantiomers 
of benzodiazepine-based gastrin/CCK-B ligands behave 
quite differently towards the receptor, with the {2R)- 
isomer being consistently the more active species."^" 
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NHZ 



«3 

ZNH^COjH 
9 

c 



co'bu 



12, R=Z 

13, R=H 

(a) Ar=Ph 

(b) Ar=2-Pyr 



Figure 4, Benzotriazole-mediated synthesis of 5-phenyl- and 5-(2-pyridyl)-l,4-benzodiazepin-2-ones. Reagents and conditions: 
(i) EDC, 9. 0 "C to room temperature: (ii) (a) NHj/MeOH, (b) AcOH; (iii) (a) NaH. DMF, (b) 'BuCOCHzBr; (iv) Ar=Ph. He/5% Pd 
on C; Ar=2-Pyr, HBr in DCM, 0 °C; (v) 3-R'-PhNC0. 






^N~^ OH CI 



Figure 5. Interconversion of isomeric benzodiazepines via 3,5-dichlorosalicyl imines. 



Where appropriate, we prepared the more active enan- 
tiomers of 14 and 15 by resolution of the 3-amino 
derivatives 13 followed by reaction of the resultant 
homochiral amine intermediate with the required iso- 
cyanate. The amine 13a was readily resolved using a 
resolution-racemization method, 2' but under the same 
conditions, the analogue 13b was converted to the 
isomeric 3-amino-2,5-dihydro-5-(2-pyridyl)-l//-l,4-ben- 
zodiazepin-2-one (8) obtained previously, and we were 



only able to resolve 13b by classical fractional crystal- 
lization of its (/?)- and (5)-mandelate salts. 

The resolution-racemization process operates through 
the interconversion of a series of imine intermediates 
which reversibly epimerize the 3-amino center (Figure 
5, X = CH). However it appears that when the 5-sub- 
stituent is a 2-pyridyl group (Figure 5, X = N) the 
favored isomerization is for the imino function within 
the benzodiazepine ring to move into conjugation with 
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the external imine and not vice versa. This process does 
not appear to be reversible when X = N, and so the 
eventual hydrolysis of the salicyl imine in this case gave 
the mandelic acid salt of 8 as the only isolable product. 
As with the differences in the hydrogenolysis products 
between the two series, the formation of this alternative 
product can only be ascribed to the differing electronic 
properties of the 5-phenyl and 5-(2-pyridyl) substituents 
adjacent to the benzodiazepine imine function. 

Biology 

The methods used for measuring binding of ['^^IjCCK- 
8 to rat brains and that of [3H]L-364.718 to rat pancreas 
were essentially identical to those described previ- 
ously.^^ Specific binding was defined as the difference 
between total binding and nonspecific binding in the 
presence of 1 mM CCK-8 or L-364,718. 

For in vivo screening studies, gastric acid secretion 
was measured in anesthetized rats as reported previ- 
ously. '° Acid secretion was measured at pH 7.0 using 
the pH-stat method with the addition of 0.025 N NaOH 
to the reservoir. Approximately 30 min after basal 
secretion had stabilized, pentagastrin at a rate of 20 
nmol/kg/h was infused through the femoral vein. Test 
compounds were dissolved with polyethylene glycol 300 
and injected iv 1 h after the start of pentagastrin 
infusion. 

In the secondary in vivo test system, male beagle dogs 
" Wit-h-a~I-kidenhain- pouGh were used.- Onc- mont^^ 
preparation of the pouch, secretory experiments were 
performed once a week in each animal throughout the 
experiments. Acidity of the gastric juice was measured 
by automatic titration of the gastric juice with 0.05 M 
NaOH to pH 7.0. Pentagastrin was infused at a rate of 
8 /<mol/kg/h through the femoral vein. Test compounds 
were administered po or iv at 3 h after the start of 
pentagastrin infusion. 

Results and Discussion 

A major drawback associated with the early benzo- 
diazepine-based gastrin/CCK-B receptor antagonists 
was their lack of oral efficacy. This is exemplified by 
L-365.260, which is only sparingly soluble in water and 
has very limited oral bioavailability unless dosed as a 
solution in PEG 600.^^ We have previously shown that 
incorporation of a (ferr-butylcarbonyl)methyl group at 
the l-position'2 or a 2-pyridyl group at the S-position'^ 
of the parent benzodiazepine structure provides a 
significant increase in absorption. Similar results have 
been achieved by incorporation of either a cyclohexyl 
group^'' or a cyclic amine to form an amidino functional- 
ity in the 5-position.25 Other attempts to improve 
aqueous solubility have included introducing acidic 
groups.^t^ or lipophilic surrogates thereof,^''' into the 
3-position of the aryl urea portion of either the 1,4- 
benzodiazepin-2-one parent system or closely related 
structures.^^ We have recently shown that the opposite 
strategy, introducing basic amino substituents into the 
same region of the YM022 series, can provide an 
improvement in selectivity for the gastrin/CCK-B recep- 
tor over the CCK-A receptor. More significantly per- 
haps, increased inhibition of pentagastrin-induced gas- 
tric acid secretion in rats following intraduodenal 
administration was also observed for these compounds 
when compared to either the (3-methylphenyl)- or (3- 



carboxyphenyl)urea derivatives.^^ We can now report 
that when combinations of the above modifications are 
incorporated into the same molecule, the improvements 
in the in v;Vo effects are essentially additive, resulting 
eventually in the identification of 15c which has potent 
oral antisecretory activity in Heidenhain pouch dogs. 

We initially examined the effect of incorporating 
neutral, acidic, or basic groups in the 3-position of the 
phenylurea substituent of the l-[(ferr-butylcarbonyl)- 
methyl]-l,3-dihydro-5-phenyl-2W-l,4-benzodiazepin-2- 
one core structure as shown in Table 1 . We observed 
that the incorporation of a 3-carboxy substituent, to give 
14b, did not improve binding to the rat gastrin/CCK-B 
receptor, although some in vivo antisecretory activity 
was still observed at 0. 1 ,/<mol/kg iv in our rat screening 
model. It is important to note that basal levels of acid 
secretion in this model are typically around 25-30% of 
the pentagastrin-induced peak; hence a figure of 75- 
80% inhibition represents the return of acid secretion 
to basal levels or below. 

The (3-aminophenyl)urea derivative 14f was essen- 
tially equipotent with the parent 3-tolylurea derivative 
14a both in vitro and in vivo in rats. However, when 
alkylated amino groups were incorporated into the same 
position {14g-j), there was a significant improvement 
in the compounds' affinities for the gastrin/CCK-B 
receptor, which was accompanied in most cases by 
improved receptor selectivity. In addition, all of the 
[3-(alkylamino)phcnyHurea analogues showed signifi- 
cant inhibition of pentagastrin-induced gastric acid 
secretion in vivo in rats at the screening dose of 0. 1 
/<mol/kg iv. 

We next examined the effect of introducing the 5-(2- 
pyridyl) substituent, which we had previously shown 
conferred improved bioavailability when incorporated 
as a single change to the parent structure, into the 
|3-(alkylamino)phenyl]urea series. As can be seen in 
Table 1, all of the resulting compounds with the excep- 
tion of the 3-(l-piperidyl)phenyl urea analogue 15h 
showed comparable or improved affinity and selectivity 
for the gastrin/CCK-B receptor when compared to the 
parent 3-tolylurea derivative 15a. In addition, the 
active compounds in this second [3-(alkylamino)phenyl|- 
urea series again showed potent inhibition of pentagas- 
trin-induced gastric acid secretion in vivo in rats at the 
screening dose of 0.1 /imol/kg iv. No significant advan- 
tage was observed by either increasing the size of the 
alkyl groups on the amino nitrogen or incorporating 
them into a ring. 

Several compounds from the two series were selected 
for more extensive evaluation in vivo (Table 2) according 
to the methods previously described. 3" ED50 values 
were determined for the inhibition of pentagastrin- 
induced gastric acid secretion in rats following iv 
administration of the test compound, and as expected, 
all of the analogues tested showed potency comparable 
to that of the original parent compound YM022 in this 
model. 

We next examined the effect of the compounds on 
pentagastrin-induced gastric acid secretion in Heiden- 
hain pouch dogs. As we were searching for compounds 
with significant oral activity, for our first screening 
point we selected an oral dose of 3 ^mol/kg and all of 
the compounds tested showed a significant effect at this 
dose. There was already an indication that the incor- 
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compd 
no. 






CCK-B« 


CCK-A* 




secretion in rats at 0.1 


config 


R' 


(nM) 


(nM) 


(CCK-A/CCK-B) 


/imol/kg iv)"^ 


2 






0.11 


146 


1327 


ED50 = 8.3 nmol/kg 








(0.10-0.11) 


(120-170) 




(6.1-10.9) 






Me 


0.52 


111 


213 










(0.43-0.63) 


(85-146) 






14b 


RS 


CO2H 


3.29 


2059 


626 


56 








(2.41-4.50) 


(1594-2659) 






14c 


RS 


NO2 


0.16 


589 


3681 


76 








(0.10-0.28) 


(527-658) 






14d 


RS 


CN 


1.29 


700 


542 


65 








(0.25-6.70) 


(631-776) 






14e 


RS 


NHCHO 


0.59 


561 


951 


74 








(0.28-1.21) 


(521-605) 






14f 


R 


NH2 


0.50 


953 


1906 


75 








(0.38-0.67) 


(807-1125) 








f( 


NHMe 


0.11 


120 


1091 


80 






(0.08-0.15) 


(88-164) 






14h 


R 


NMez 


0.21 


89 


423 


65 








(0.18-0.29) 


(73-108) 






14i 


R 


NEt2 


0.14 


558 


3986 


82 








(0.11-0.18) 


(421-741) 
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l-pyrrolidyl 
















(0.13-0.22) 


(145-171) 
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R 


Me 


0.44 


470 


1068 


78 








(0.33-0.59) 


(361-611) 






15b 


R 


NH2 


0.43 


1820 


4233 


62 








(0.35-0.54) 


(1699-1949) 






15c 


R 


NHMe 


0.10 


502 


5020 


87 








(0.08-0.13) 


(434-581) 
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R 


- -NMca 


0-.20 


U,3 


. . __ _5.65 .... . 


65" 








(0.15-0.26) 


(82-156) 






15e 


S 


NMez 


1.26 


572 


454 
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(0.83-1.91) 


(486-674) 






15f 


R 


NEtz 


0.11 


301 


2736 


74 








(0.07-0.19) 


(230-395) 






15g 


R 


l-pyrrolidyl 


0.1 1 




2300 


75 








(0.10-0.12) 


(188-342) 






15h 


R 


l-piperidyl 


0.84 


944 


1124 


55 






(0.79-0.88) 


(759-1173) 







■•■ IC.50 value for displacement of |i"l|CCK-8 from gastrin/CCK-B receptors from r 
displacement of pH|L 364,7 18 from CCK-A receptors from rat pancreas (95% conndence 
acid secretion in anetlnsetized rats (0,1 /(mol/l<g iv). Percent inliibition at a dose of 0,03 



n (95% confidence limits). IC50 value for 
' Inhibition of pentagastrin-induced gastric 

//mol/l<g. 



Table 2. Further in V;Vo Evaluation of New Gastrin/CCK-B Antagonists. Inhibition of Pentagastrin-induced Gastric Acid Secretion 
in Rats and Heidenhain Pouch Dogs 



compd SD rat (iv) ED50 (^mol/l<.g) 



inhibition of pentagastrin-induced gastric : 



in Heidenhain pouch di 



5 (po) 



of pentagastrin-induced gastric 
in Heidenhain pouch dogs (iv 



0.0057 
0.012 
0,016 



72% at 3/^mol/l^g 

26% at 1 fimoUkg .„ 

ED5o= 1. 9 /(mol/l<g (1,0-2.9)^ 

53% at 3/<mol/kg 

99%at3//mol/kg 

97% at 3/(mol/kg 

7% at 0.3^(mol/kg 

100% at 0.1 ^imol'kg 

65% at 0.03 /(mol'kg 

ED50 = 0.021 ,i(mol/kg (0,013-0.029) 

98% at 0.1 /(mol/kg 

77% at 0.03 ;<mol/kg 



Figures in parentheses represent 95% confidence limits, nd = 



It determined. 



poration of an alkylated amino group conferred benefi- 
cial effects on oral absorption, as 14h was considerably 
more potent than 14a at this preliminary oral dose level. 

All three analogues which incorporated a 5-(2-pyridyl) 
substituent showed complete inhibition of acid secretion 
at the first screening dose. Lowering the dose allowed 
us to show that the combination of a 5-(2-pyridyl) group 
and a 3-(alkylamino) substituent on the urea portion 
provided highly potent orally active compounds. 15c 



and 15d were essentially equipotent in this dog model, 
and an ED50 value of 21 nmol/kg (~0.01 mg/kg) was 
determined for 15c, thus showing this compound to 
be about 90 times more potent than YM022 after oral 
administration. In addition, the inhibiton curves (Fig- 
ure 6) showed that both compounds had an excellent 
duration of action, maintaining complete inhibiton of 
acid secretion for more than 6 h following oral admin- 
istration at the 100 nmol/kg dose level. 
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Figure 6. Inhibition of pentagastrin-induced gastric acid 
secretion in Heidenhain pouch dogs by oral administration of 
15c and 15d. Pentagastrin 8 /<mol/kg/h was infused from 3 h 
before, until 6 h after drug administration [t = 0), and acid 



reid l3y"aiitoi nalic i i u a lioriT-Each poinrif 
represented as a percentage of values observed immediately 
before drug administration and is the mean ± SEM (fi\e 
animals per group). 

To obtain an indication of the magnitude of the 
advantage provided by our new analogues in terms of 
oral bioavailability, we determined the ability of YM022, 
15c, and 15d to inhibit pentagastrin-induced gastric 
acid secretion in Heidenhain pouch dogs following iv 
administration, and as expected all three compounds 
showed potent effects via this route (Table 2). When 
compared to their effects following oral dosing, we 
observed that compounds 15c and 15d showed only a 
modest difference in activity between oral and iv 
administration, whereas YM022 was around 70 times 
less potent following oral administration than by the iv 
route. These data indicated that both 15c and 15d, but 
not YM022, have excellent oral bioavailibility in dogs, 
and this together with their long duration of action in 
vivo suggested that we had identified two possible 
clinical candidates for the treatment of GORD and other 
gastrointestinal disorders. 

Finally we conducted physicochemical studies on the 
two potential clinical candidates to determine their 
stability in the crystalline form. Gratifyingly, 15c was 
obtained in a single-crystal form when isolated as its 
free base and remained stable even after 3 months at 
40 °C and 75% relative humidity (no imine bond 
tautomerization was observed under these conditions). 
This compound, given the code number YF476, was 
selected for further development and is currently under 
clinical investigation for the treatment of GORD. 

Experimental Section 

Analytical and spectroscopic data for test compounds are 
included in the Supporting Information. Melting points were 
determined using a Yanaco MP-500D instrument and are 



uncorrected. Optical rotations were measured using a Perkin- 
Elmer 24 1 polarimeter and are uncorrected. 'H NMR spectra 
were obtained using either a JEOL FX-90Q, a JEOL EX-270, 
or a JEOL JNN-EX-400 spectrometer. '^C NMR spectra were 
obtained using a JEOL EX-270 spectrometer. Carbon atom 
types were determined by 90- and 135-DEPT experiments. 
Chemical shifts are reported in ppm [d) downfield of tetra- 
methylsilane as an internal reference (6 0.0). Positive FAB 
mass spectra were recorded in glycerol or thioglycerol matrix 
either at the Michael Barber Centre for Mass Spectrometry, 
UMIST, Manchester, U.K., or by the Analytical Department 
of Yamanouchi Pharmaceutical Co. Elemental analyses were 
determined either by Elemental Microanalysis Ltd., Oke- 
hampton, Devon, U.K. or by the Analytical Department of 
Yamanouchi Pharmaceutical Co. and are within ±0.4% of 
calculated values. All reagents were obtained from commercial 
sources and used without further purification unless otherwise 
noted. 

2-[2-[2-Bromoacetyl)amino]benzoyl]pyridine (4)^'. 

3b'"2 (2.5 g, 12.63 mmol) was taken up in acetic acid (25 mL) 
and the mixture stirred at 4 °C. Bromoacetyl bromide (1.1 
mL, 12.8 mmol) was added dropwise over 20 min, and stirring 
continued for a further 15 min at 4 °C. The mixture was then 
evaporated, and the residue was partitioned between EtOAc 
(50 mL) and 0.5 M NaOH (50 mL). The organic portion was 
washed with water and brine, dried over MgzSO^, and evapo- 
rated. The title compound was crystallized from EtOAc/ 
hexane as a pale brown solid (3.25 g, 81%): mp 92-94 °C; 'H 
NMR (400 MHz, CDCI3) 6 1 1.67 (br s, IH), 8.73 (d, IH, 7 = 
5Hz), 8.64 (d, IH, J= 8Hz), 7.96-7.90 (m, 2H), 7.82 (dd, IH, 
J, = 8 Hz, J2 = 2 Hz). 7.61 (m, IH), 7.51 (ddd, IH, J, = 7 Hz, 
J2 = 5 Hz. J3 = 2 Hz), 7.17 (t. IH, J= 8 Hz). 4.03 (s. 2H) ppm. 
Anal. (CuHiiNzOzBr) C. H. N, Br. 
--^,8«nik-y4i!u-^<5Hpy4adi^l)-Xt/J^!UUeiizodic 



one (5). The title compound was prepared directly from 3b 
without purification of the bromoacetylated intermediate 4 as 
described;^' mp 245-246 °C (lit." mp 232-234 °C): 'H NMR 
(400 MHz. CDCI3) r> 9,08 (br s, IH), 8.64 (dd, IH. J, = 5 Hz, 
Ji = 1 Hz), 7.95 (d, IH, 7=8 Hz), 7.81 (dt, IH, J, = 8 Hz, Ja 
= 2Hz), 7.37 (dd, IH, 7, = 7 Hz, J, = 5 Hz), 7.33 (dd, IH, 7, 
= 8 Hz, 7?= 1 Hz), 7.15 (t, IH, 7= 8 Hz), 7.08 (d, IH, 7= 8 
Hz). 4.37 (s, 2H) ppm. Anal. (C14H11N3O) C, H, N. 

l-[( ^erf-Butylcarbonyl)methyl]-2,3-dihydro-5-(2-pyridyl)- 
l//-l,4-benzodiazepin-2-one (6). 5 (8.3 g, 35 mmol) was 
azeotroped with DMF and the residue dissolved in dry DMF 
(300 mL) at 4 "C under nitrogen. Sodium hydride (1.4 g, 80% 
dispersion in oil, 46.6 mmol) was added portionwise with 
stirring, and the mixture was stirred for 40 min at 4 °C. 
1-Bromopinacolone (6.0 mL. 46 mmol) was added, and the 
mixture was stirred at 4 °C to room temperature over 2 h. 
The mixture was evaporated to dryness and partitioned 
between EtOAc and water. The organic portion was washed 
with brine, dried (MgSO^). and evaporated. The residue was_ 
crystallized from EtOAc/hexane to provide a colorless solid 
(8.65 g, 74%); mp 180-183 "C; 'H NMR (400 MHz, CDCI3) 6 
8.63 (dd, IH, 7i = 5 Hz, Ji = 1 Hz), 8.08 (d, IH, 7 = 8 Hz), 
7.81 (dt, IH, 7, = 8 Hz, 7d = 2 Hz), 7.48 (dt, IH, 7, = 8 Hz, 7d 
= 2 Hz). 7.38-7.33 (m, 2H), 7.21 (m, IH), 7.08 (d, IH, 7 = 
8Hz), 5.09 (d, IH, 7= 18 Hz), 4.86 (d, IH, 7= 10 Hz), 4.36 (d, 
IH. 7= 18 Hz), 3.98 (d, IH, 7= 10 Hz), 1.28 (s, 9H) ppm; 
FAB-MS (M -I- H)+ = 336. Anal. (CzoHziNaOz) C, H, N. 

l-[(rert-ButylcarbonyI)methyI]-2,3-dihydro-3-oximido- 
5-(2-pyridyl)-l//-l,4-benzodiazepin-2-one (7). The title 
compound was prepared using a modified version of the 
previously described procedure.''' " 6 (2.00 g, 6.0 mmol) was 
suspended in dry toluene (72 mL) at -20 °C under nitrogen. 
KO'Bu (2.68 g, 23.9 mmol) was added portionwise to the 
stirring mixture so that the internal temperature did not rise 
above - 10 °C, and stirring continued for a further 30 min at 
-20 °C. Isoamyl nitrite (2.10 g, 3equiv) was added, and the 
mixture was stirred at -20 to -5 °C over 3 h and then poured 
into a mixture of ice (100 g). AcOH (5 mL), and EtOAc (100 
mL). The aqueous portion was basified and extracted with 
EtOAc (50 mL), and the combined organic portions were 
washed with brine, dried (Mg2S04), and evaporated. The 
residue was crystallized from hot EtOAc (70 mL) as a pale 
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yellow solid (1.10 g, 51%): mp 262-264 °C dec; 'H NMR (400 
MHz, DMSO-c/e) <5 11.17 (IH, s), 8.65 (d, IH, J= 8 Hz), 8.22 
(d, IH, J = 8 Hz), 8.05 (dt, IH, J, = 8 Hz, Jd = 2 Hz), 7.63- 
7.58 (m, 2H); 7.40 (d, IH, J= 6 Hz), 7.30-7.24 (m, 2H), 5.03 
(d, IH, J= 18 Hz), 4.91 (d, IH, J= 18 Hz), 1.17 (s, 9H) ppm; 
FAB-MS (M + H)+ = 365. Anal. (C20H20N4O3) C, H, N. 

3-Amino-l-[(fert-butylcarbonyl)methyl]-2,5-dihydro-5- 
(2-pyridyl)-l//-l,4-benzodiazepin-2-one (8). 7 (500 mg, 
1 .36 mmol) was taken up in MeOH (25 mL) . The solution was 
degassed and treated with 5% Ru/C (Lancaster Synthesis, 150 
mg). The mixture was hydrogenated in a Parr apparatus (20 
kg/cm^ H2, 60 °C, 24 h) and then filtered and the catalyst well 
washed with methanol. The solvent was removed by evapora- 
tion, and the title compound was obtained by chromatography 
on silica (eluant 5% MeOH in CHCI3) as a colorless solid (446 
mg, 93%): 'H-NMR (400 MHz, CDCI3) (5 8.65 (d, IH, J = 4 
Hz), 7.97 (d, IH, J= 8 Hz), 7.81 (m, IH), 7.26 (m, IH), 7.19 
(m, IH), 7.01 (m, 2H), 6.44 (d, IH, J = 8 Hz), 5.98 (s, IH), 
5.15 (d, IH, J= 18 Hz), 4.89 (br s, 2H), 4.70 (d, IH, J= 18 
Hz), 1.31 (s, 9H) ppm; FAB-MS (M + 1)+ = 351. 

Preparation of 3-Substituted Carboxylic Acids and 
Isocyanates. 3-(Formylamino)benzoic Acid. Acetic an- 
hydride (76 mL) was added to 98% formic acid (130 mL), and 
the mixture was stirred at room temperature for 30 min. 
3-Aminobenzoic acid (15 g, 109.5 mmol) was then added. The 
mixture was stirred at room temperature for 1 h and then 
treated with water (L3 L) and stirring continued overnight. 
The resultant white precipitate was collected, washed with 
water, and dried in vacuo over P2O5 (15.4 g, 85%): 'H NMR 
(270 MHz, MeOH-d,) 5 8.45-8.3 (m, 2H), 8.0-7.5 (m. 4H) ppm. 

3-(N-Formylmethylamino)benzoic Acid. A solution of 
3-(formylamino)benzoic acid (2.28 g, 13,8 mmol) in DMF (25 
nil,) was added dropwise 10 a suspension of sodium hydride 
(h05-g,'80% dispersion in oil) lti i>MK (15 iiiL)-al-0-5Gr--T-W^ 
mixture was allowed to warm to room temperature over 1 h, 
and then iodomethane (0.95 ml) was added. A second portion 
of iodomethane (0.95 mL) was added after 1 h, and the mixture 
was stirred at room temperature overnight. The solvent was 
removed by evaporation, and the residue was partitioned 
between ethyl acetate and 1 M HCl. The organic layer was 
washed with brine, filtered (Whatman 1 PS phase separator), 
and evaporated. The residue was chromatographed on silica 
(eluant 60% EtOAc in hexane) to provide the methyl ester of 
the title compound as a colorless solid (2.30 g, 86%). A portion 
of this ester (900 mg, 4.66 mmol) was taken up in dioxane/ 
water (2/1, v/v, 30 mL) and treated with LiOH-H20 (378 mg, 
9 mmol) at room temperature with stirring overnight. The 
mixture was acidified with 1 M HCl and extracted twice with 
EtOAc. The combined extracts were washed with brine, 
filtered (Whatman 1 PS phase separator), and evaporated. The 
title compound (420 mg, 50%) was used in the next step 
without further purification: 'H NMR (270 MHz, CDCI3) <5 8.52 
(s, IH), 8.0-7.85 (m, 2H), 7.5-7.35 (m, 2H), 3.36 (s, 3H) ppm. 

3-(l-Pyrrolidyl)benzoic Acid. /n-Aminobenzoic acid (13.7 
g, 0.1 mol) was taken up in methanol (150 mL) and cooled to 
0 °C. Acetyl chloride (10 mL) was added dropwise, and then 
the mixture was heated at reflux under nitrogen for 1 h. The 
mixture was cooled, evaporated, and partitioned between 
EtOAc and 5% KHCO3. The organic portion was washed with 
brine, filtered (Whatman IPS phase separator) and evaporated 
to provide methyl m-aminobenzoate as a brown oil which 
crystallized on standing (13.2 g, 88%). A portion of this amino 
ester (5.45 g, 36.1 mmol) was taken up in dry DMF (70mL) 
and treated with sodium hydride (3.78 g, 80% dispersion in 
oil, 126 mmol) at 0 °C under nitrogen for 14 h, 1,4-Dibro- 
mobutane (14.05 g, 65 mmol) and potassium iodide (0.6 g, 3.7 
mmol) were added, and the mixture was heated at 80 °C for 
72 h. The mixture was cooled, evaporated, and partitioned 
between EtOAc and 5% KHCO3. The organic portion was 
washed with brine, filtered (Whatman IPS phase separator), 
and evaporated. The residue was chromatographed on silica 
(eluant 8% EtOAc in hexane) to provide methyl 3-(l-pyr- 
rolidyl)benzoate as a pale yellow solid (1.70 g, 23%). The solid 
was taken up in dioxane/water (40 mL) and treated with 
LiOH-HzO (1.75 g, 5 equiv) at room temperature for 10 min, 
then at 40 °C for 30 min. Acetic acid (10 mL) was added, and 



the mixture was evaporated, azeotroped with toluene, and 
crystallized from AcOH/water/dioxane to provide a pale brown 
solid (1.26 g, 80%) which was dried in vacuo over P2O5: 'H 
NMR (270 MHz, CDCI3) d 7.4-7.2 (m, 3H), 6.78 (m, IH), 3.35 
(m. 4H), 2.02 (m, 4H) ppm. 

Methyl 3-(4-Pentenoylamino)benzoate. Methyl 3-ami- 
nobenzoate (4.5 g, 29.8 mmol) was taken up in DCM (10 mL) 
and pyridine (1 mL) at 0 °C. 4-Pentenoyl chloride (freshly 
prepared from 4-pentenoic acid (3.0 g, 29.97 mmol) and thionyl 
chloride (6.6 mL) at room temperature for 1 h, evaporated and 
azeotroped with DCM) was added dropwise in DCM (3 mL). 
The mixture was allowed to warm to room temperature, stirred 
overnight, and then evaporated. The residue was partitioned 
between EtOAc and 1 M HCl. The organic portion was washed 
with 5% KHCO3 and brine, filtered (Whatman IPS phase 
separator), and evaporated. The residue was chromato- 
graphed (eluant 30% EtOAc in hexanes) to provide a colorless 
oil (2.20 g, 32%); 'H NMR (270 MHz. CDCI3) 6 8.05 (t. IH. J 
= 1.5 Hz), 7.93 (d, IH, J= 8Hz), 7.79 (d, IH, J= 8 Hz), 7.56 
(br s, IH), 7.42 (t, IH, J = 8 Hz), 5.92 (m, IH), 5.2-5.0 (m, 
2H), 3.93 (s, 3H), 2.51 (m, 4H) ppm. 

Methyl 3-[(5-Bromopentanoyl)animo]benzoate. Meth- 
yl 3-(4-pentenoylamino)benzoate (1.7 g, 7.3 mmol) was taken 
up in dry THF (25 mL) at room temperature under nitrogen. 
9-BBN (20 mL, 0.5M solution) was added, and the mixture 
was stirred at room temperature for 3 h. NaOH 1 M, (8 mL) 
was then added followed by 27% hydrogen peroxide (2.5 mL, 
dropwise). Stirring was continued at 40 °C for 1 h, and then 
the mixture was evaporated, taken up in EtOAc, and washed 
with 5% KHCO3 and brine. The organic portion was filtered 
(Whatman IPS phase separator), evaporated, and chromato- 
graphed (eluant 95% EtOAc in hexanes) to provide methyl 
3-l(5-hydroxypentanoyl)aminolbenzoate as a mixture with 
--b0fatcsT--The-cr-udG-ppod«ctJ»«atuuikta.uutUiUXl^^ 
and treated with triphenylphosphine (5 g) and carbon tetra- 
bromide (6.2 g) at room temperature for 2 h with stirring. The 
mixture was then evaporated and chromatographed (eluant 
40% EtOAc in hexanes) to provide the title compound as a 
colorless oil which solidified to a wax on standing (1.54 g, 67%). 
'H NMR (270 MHz, CDCI3) d 9.62 (br s, IH). 8.26 (t. IH. J = 
1.5 Hz), 7.95-7.8 (m, 2H), 7.4 (m, IH), 3.96 (s. 3H), 3.44 (m, 
2H), 2.66 (m, 2H), 1.98 (m, 4H) ppm. 

Methyl 3-(2-Oxo-l-piperidinyl)benzoate. Methyl 3-[(5- 
bromopentanoyl)amino]benzoate (1.50 g, 4.88 mmol) was taken 
up in dry UMF (40 mL) and treated with NaH (160 mg, 80% 
dispersion in oil, 5.33 mmol) at 0 °C. The mixture was stirred 
at room temperature under nitrogen for 10 min, KI (80 mg) 
was added, and the mixture was heated at 70 °C for 4 h. The 
mixture was evaporated and partitioned between EtOAc and 
1 M HCl. The organic portion was washed with 5% KHCO3 
and brine, filtered (Whatman 1 PS phase separator), and 
evaporated. The residue was chromatographed (eluant 2% 
MeOH in RfOAc) to provide the title compound as a colorless 
oil (640 mg, 56%): 'H NMR (270 MHz, CDCI3) d 8.1-7.95 (m, 
2H), 7.60-7.50 (m, 2H), 3.98 (s, 3H), 3.75 (m, 2H), 2.64 (m, 
2H), 2.03 (m, 4H) ppm. 

3-(l-Piperidinyl)benzoic Acid. Methyl 3-(2-oxo-l-pip- 
eridinyl)benzoate (640 mg, 2.75 mmol) was dissolved in dry 
THF (30 mL), and borane-tetrahydrofuran complex (5 mL, 1 
M solution in THF) was added. The mixture was stirred under 
nitrogen at reflux for 1 h, then cooled, and evaporated. The 
residue was taken up in MeOH/acetic acid (6/1, v/v, 70 mL) 
and heated at reflux for 3 h, then evaporated, and chromato- 
graphed (eluant 10% EtOAc in hexane) to provide the methyl 
ester of the title compound as a colorless oil (540 mg, 90%); 
'H NMR (270 MHz, CDCI3) <3 7.59 (t, IH. J = 1.5 Hz), 7.46 
(dd. IH, J, = 8 Hz, Jz = 1.5 Hz), 7.28 (t, IH, J= 8 Hz), 7.1 1 
(m, IH). 3.89 (s, 3H), 3.18 (m, 4H). 1.75-1.62 (m, 4H), 1.61- 
1.55 (m, 2H) ppm. The oil was dissolved in dioxane (12 mL) 
and water (8 mL). LiOH-HzO (300 mg, 7.143 mmol) was 
added, and the mixture was stirred at 40 °C for 1 h, then 
acidified with acetic acid, evaporated, and azeotroped with 
toluene. The residue was chromatographed on silica (eluant 
60:40:2, EtOAc/hexanes/AcOH, v/v/v) to provide the title 
compound as a colorless solid (450 mg, 90%); 'H NMR (270 
MHz. CDCI3) 6 7.66 (s, IH), 7,54 (d, IH, J = 8 Hz), 7.32 (t. 
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IH, J= 8 Hz), 7.17 (dd, IH, J, = 8 Hz, Jz = 1.5 Hz). 3.22 (m. 
4H), 1.72 (m, 4H), 1.61 (m, 2H) ppm. 

3-[ ( ferf-Buty loxycarbonyl)aitiino]benzoic Acid. 3- Am i- 
nobenzolc acid (24.69 g, 180 mmol) was taken up in 2 M KOH 
(180 mL) and dioxane (180 mL) and treated with di-fert-butyl 
dicarbonate (53.03 g, 243 mmol) at room temperature over- 
night. Dioxane was removed by evaporation, and the solution 
was diluted with 1 M KOH (300 mL). The aqueous portion 
was washed with ether (200 and 300 mL) and acidified to pH 
4 with concentrated HCl. The resultant white precipitate was 
collected by filtration, washed with water, and dried in vacuo 
(P2O5) to give the title compound (38.97 g, 91%): 'H NMR (90 
MHz, DMSO-c/e) <5 9.52 (br s. IH), 8.13 (m, IH), 7.7-7.3 (m, 
3H), 1.49 (s, 9H) ppm. 

3-[N-( ^er^Butyloxyca^bonyI)methylalIlino]benzoic Acid. 
Sodium hydride (18.33 g, 60% dispersion in oil, 458.3 mmol) 
was added portionwise to a solution of 3-|(fert-butyloxycarbo- 
nyDaminolbenzoic acid (43.48 g, 183.3 mmol) in DMF (600 mL) 
below 10 °C, and the mixture was allowed to warm to room 
temperature with stirring over 1 h. Mel (84.54 g, 595.6 mmol) 
was added dropwise to the solution over 30 min at 5 °C, and 
the mixture was stirred at room temperature for 2 h. The 
mixture was evaporated, and the residue was partitioned 
between EtOAc (1.2 L) and water (600 mL). The organic 
portion was washed with saturated NaHCOs (100 mL) and 
water (5 x 200 mL), dried (MgaSOn), and evaporated. The 
residual oil was taken up in methanol (1 L), 1 M LiOH (185 
mL) was added to the solution at 5 °C, and the mixture was 
stirred at room temperature for 12 h. A further portion of 1 
M LiOH (90 mL) was added, and the mixture was stirred for 
1 h. The solution was concentrated to remove methanol, 
diluted with water and washed with EtOAc/hexane (1:2, v/v, 
300 and 150 mL). The aqueous portion was acidified to pH 4 

mL). The combined organic portions were washed with brine, 
dried (MgSOJ, and evaporated. The residue was recrystallizcd 
from EtOAc/hexane (1:20 v/v. 420 mL) to give the title 
compound (36.08 g. 78%): 'H NMR (90 MHz, CDCI3) 6 8.0- 
7.9 (m, 2H), 7.5-7.4 (m. 2H), 3.31 (s. 3H). 1.47 (s. 9H) ppm. 

3-lN-( terr-Butyloxycarbonyl)methylamino]phenyl Iso- 
cyanate. EtsN (3.71 g, 36.7 mmol) and a solution of ethyl 
chloroformatc (4.31 g, 39.7 mmol) in acetone (10 mL) were 
successively added dropwise to a solution of 3-|A/-(rert-but.yl- 
oxycarbonyl)methylaminolbenzoic acid (8.0 g, 31.8 mmol) in 
acetone (64 mL) below 5 °C. After the solution was stirred 
for 30 min, a solution of NaNa (3.1 g, 47.7 inniol) in watei (10 
mL) was added below 5 "C. The mixture was stirred at the 
same temperature for a further 1 h and then poured into 
toluene (80 mL) and water (160 mL). The organic portion was 
washed with brine, refluxed for 2 h, and evaporated. The 
residue was distilled (100-105 °C/0.9-1.0 mmHg) to afford 
the title compound (6.2 g. 78%) as a yellow oil. 

3-(Dimethylainino)phenyl Isocyanate. 3-{Dimethylami- 
no)benzoic acid (350 g. 2.12 mol) was dissolved in acetone (2.8 
L). EtsN (249 g, 2.46 mol) was added dropwise to the solution 
below 10 "C, followed by the addition of a solution of ethyl 
chloroformate (287 g, 2.65 mol) in acetone (875 mL) below 5 
°C. After the mixture was stirred for 30 min, a solution of 
NaN3 (201 g, 3.18 mol) in water (570 mL) was added dropwise 
below 5 °C. The reaction mixture was stirred at 0-5 °C for a 
further 1 h and then poured into toluene-ice water (2:3, 1 1 
L) . The aqueous portion was extracted with a small amount 
of toluene, and the combined organic portions were washed 
with water and brine and dried (MgSOJ. After MgSOi was 
removed by filtration, the filtrate was added dropwise to hot 
toluene (1.5 L). The mixture was refluxed for 1 h and then 
evaporated, and the residue was distilled {0.6-0.8 mmHg, 74- 
77 °C) to afford the isocyanate (252 g, 74%) as a pale yellow 
oil. 

(i?S)-3-[(Benzyloxycarbonyl)amino]-2,3-dihydro-5-(2- 
pyridyl)-l//-l,4-benzodiazepin-2-one (lib). 3bi^ (660 mg. 
3.33 mmol) and 9'=' (1.63 g, 5 mmol) were mixed together in 
DCM (30 mL) at 0 °C under nitrogen. Water soluble carbo- 
diimide (EDC, 1 g. 5 mmol) and DMAP (30 mg) were added, 
and the mixture was stirred at 0 °C for 10 min and at room 
temperature for 10 min. The resulting pale brown solution 



was poured into a mixture of 5% KHCO3 (100 mL) and EtOAc 
(150 mL). The organic portion was washed with 5% KHCO3, 
water, and brine, dried, and evaporated. (The intermediate 
10b could be isolated at this stage by chromatography on silica 
(eluant 55% EtOAc in hexanes) to provide the pure compound 
as a yellow oil in 93% yield: 'H NMR (CDCI3, 270 MHz) d 
11.65 (brs, IH), 8.54 (d, IH, J= 5.5 Hz). 8.50 (d. IH. J= 8 
Hz), 8.03 (d, IH, J = 8 Hz), 7.75 (m, 3H), 7.5-7.08 (m, 12H), 
6.98 (br m, IH),: 5.05 (m, 2H) ppm.) The resultant crude 
product was treated with an ice-cold saturated solution of 
ammonia in methanol (30 mL), and the mixture was stoppered 
and stirred at room temperature for 1 h, then cooled, and 
evaporated. The residue was treated with a solution of 
ammonium acetate in acetic acid (0.1 g/mL, 30 mL) at room 
temperature for 1 h. The mixture was evaporated and 
partitioned between CHCI3 and 1 M NaOH. The organic 
portion was washed with brine, dried, and evaporated, and 
the product was crystallized from EtOAc/hexane. The product 
was recrystallized from EtOAc/hexane to afford the title 
compound as a colorless solid (1.01 g. 79%): 'H NMR (CDCI3, 
270 MHz) <3 9.0 (br s, IH), 8.60 (d, IH. J= 6 Hz). 8.07 (d. IH. 
J= 8 Hz). 7.82 (dt. IH. J, = 8 Hz. Jd = 1 Hz). 7.4-7.2 (m. 
9H). 6.98 (d. IH. J = 8 Hz). 6.65 (d, IH. J = 8 Hz). 5.37 (d, 
IH, J= 8 Hz). 5.16 (m. 2H) ppm. 

(/?5)-3-[(Benzyloxycarbonyl)amino]-l-[(rerf-butylcar- 
bonyl)methyl]-2,3-dihydro-5-(2-pyridy!)-l//-l,4-benzodi- 
azepin-2-one (12b). lib (7.3 g. 18.9 mmol) was taken up in 
dry DMF (73 mL) at 0 °C. Sodium hydride (740 mg, 80% 
dispersion in oil, 1.3 equiv) was added portionwise keeping 
the internal temperature below 5 °C, and the mixture was 
stirred at room temperature 1 h. The mixture was recooled 
to 0 °C, and l-bromoplnacolone (10.21 g, 57 mmol) was added 
dropwise keeping the internal temperature below 10 °C, and 

The mixture was evaporated, taken up in DCM (73 mL), and 
washed with 5% NaHCOs and brine. The organic portion was 
evaporated and recrystallized from EtOAc/hexane (1:1 v/v, ca. 
150 mL) to provide the title compound as a white solid (7.31 
g, 80%): 'H NMR (CDCI3, 270 MHz) d 8.60 (d, IH, J= 4 Hz), 
8.14 (d, IH. J= 8 Hz), 7.80 (dt. Hi, J, = 7.5 Hz, Jd = L5 Hz), 
7.50 (dt. IH. J, = 8.5 Hz. J,, = 1.5 Hz), 7.4-7.2 (m. 8H). 7.11 
(d. IH. J= 8 Hz). 6.72 (d, IH, -7= 8 Hz). 5.51 (d. IH. J= 8 
Hz), 5.12 (m, 2H). 5.0 (d, IH, J= 17.8 Hz). 4.48 (d, IH, J = 
1 7.8 Hz), 1 .25 (s, 9H) ppm: '^C NMR (CDCli. 67.8 MHz) d 208.2 
(q). 166.7 (q). 166.2 (q). 155.7 (q). 148.6 (CH). 142.1 (q). 136.7 
(CH). 136.2 (q). 132.0 (CH). 130.9 (CH), 128.4 (CH), 128.0 (CH), 

124.8 (CH), 124.7 (CH), 124.3 (CH), 124.2 (q), 121.6 (CH), 68.8 
(CH), 66.8 (CHz), 54.2 (CH2), 43.4 (q), 26.3 (CH3) ppm. 

(i?S)-3-Amino-l-[(fert-butyIcarbonyl)methyI]-2,3-dihy- 
dro-5-(2-pyridyl)-l//-l,4-benzodia2;epin-2-one (13b). 12b 
(2.45 g. 5.12 mmol) was taken up in DCM (100 mL) at 0 °C, 
and the solution was saturated with dry HBr gas. The mixture 
was then stoppered and stirred at 0 °C for 4 h. EtOAc (100 
mL) was then added, and the ice-cold mixture was filtered. 
The resultant hygroscopic pale yellow solid was washed well 
with EtOAc and then taken up in water (200 mL) and washed 
with ether (50 mL). The aqueous portion was basified with 
5% KHCO3 to pH 8 and extracted with chloroform (3 x 100 
mL). The combined chloroform extracts were washed with 
brine, dried, and evaporated to give a near colorless foam (1 .68 
g, 93%): TLC (E. Merck; Kieselgel silica plates) single spot, 
Rr= 0.25 (eluant CHCls/MeOH/AcOH, 20:2:1. v/v/v): 'H NMR 
(CDCI3. 270 MHz) 6 8.62 (d, IH, J= 5 Hz). 8.18 (d. IH. J= 8 
Hz). 7.80 (dt, IH. J,= 8 Hz. Jd = 1 Hz). 7.48 (dt. IH, J, = 8 
Hz, Jd = 1 Hz), 7.37 (m, 2H), 7.20 (t, IH, J = 8 Hz), 7.09 (d, 
IH. J= 8 Hz). 5.07 (d. IH. J= 18 Hz). 4.66 (s. IH). 4.45 (d. 
IH, J= 18 Hz) ppm; '^C NMR (CDCI3. 67.8 MHz) d 208.9 (q), 

169.9 (q), 155.9 (q). 148.8 (CH). 142.5 (q). 136.7 (CH), 131.8 
(CH), 130.5 (CH). 128.7 (q). 124.5 (CH). 124.3 (CH), 124.1 (CH). 
124.4 (CH). 70.4 (CH). 54.1 (CH2). 44.0 (q), 26.4 {CH3) ppm. 

Attempted Racemization- Resolution of 13b. Crude 
13b (380 mg, 1.056 mmol) was taken up in MeCN (4 mL) and 
treated with (S)-mandelic acid (170 mg, 1.2 mmol). 3,5- 
Dichlorosalicaldehyde (10 mg) was added to the stirring 
mixture, and the mixture was cooled to 0 °C. Precipitation 
was observed, and stirring was continued at 0 °C overnight. 
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The resultant white solid was collected by filtration and 
washed with small portions of cold MeCN to provide the 
mandelate salt of 8 (304 mg, 58%). A portion of the salt (156 
mg, 0.311 mmol) was partitioned between 5% KHCO3 and 
CHCI3 and the organic portion was washed with brine, filtered 
(Whatman 1 PS phase separator), and evaporated to give the 
free amine of 8 (110 mg, 98%). The analytical data for the 
free amine was identical to that described above for 8. 

Optical Resolution of 3-Amino-l-[( terr-butylcarbonyl)- 
methyl]-2,3-dihydro-5-(2-pyridyl)-l//-l,4-benzodiazepin- 
2-one (13b) by Fractional Crystallization. Crude 13b (14 
g, 40 mmol) was taken up in acetonitrile (50 mL) at -5 °C. 
(/<)-MandeIic acid (3.2 g, 2 1 mmol) was added, and the mixture 
was stirred at -5 °C. A thick precipitate was formed, and 
acetonitrile (20 mL) was added dropwise to enable easier 
filtration. After 1 h at -5 °C the mixture was filtered and 
washed with small portions of cold MeCN. The resultant white 
precipitate was recrystallized from MeCN. (Anal, for mande- 
late salt (C28H3oN405-0.5H20) C, H, N.) The salt was parti- 
tioned between 5% KHCO3 and CHCI3, and the organic portion 
was washed with brine and filtered (Whatman 1 PS phase 
separator) to give the free {R)-an\me (4.42 g, 32%): lain = 
+212.6° (c= 0.715, CHCI3); 'H NMR and '^C NMR data were 
identical to those for the racemic compound. 

The filtrate from above was washed with base and taken 
up in MeCN (30 mL). Addition of (S)-mandelic acid afforded 
the (S)-amine salt in a similar manner. This was recrystal- 
lized from MeCN and washed with base to provide the free 
(S)-amine (3.87 g, 28%): [ale = -213.4° (c= 0.671, CHCI3). 

(J?S)-3-[(Benzyloxycarbonyl)amino]-2^-dihydro-5-phen- 
yl-l//-l,4-benzodiazepin-2-one (11a). The title compound 
was prepared from 2-aminobenzophenone and (benzyloxycar- 
bonyl)(l-benzotria2olyl)glycine as described above for lib in 
"79% yfeldr—A-rmlyi-ital-dat-a-were val- 
ues.'" 

Preparation of (i?S)-3-[(Benzyloxycarbonyl)aininol-l- 
[(ferr-butylcarbonyl)methyl]-2,3-dihydro-5-phenyl-l//- 
l,4-benzodiazepin-2-one (12a). The title compound was 

prepared by alkylation of 11a with 1-bromopinacolone as 
described above for 12b in 86% yield: 'H NMR (CDCI3, 270 
MHz) 6 7.8-7.2 (m, 14H). 6.74 (d, IH, J= 8 Hz), 5.53 (d. 111, 
J= 8 Hz), 5.23 (s, 2H), 5,05 (d, IH, J= 18 Hz). 4.77 (d, IH, 
J= 18 Hz), 1.33 (s, 9H) ppm. 

Preparation of (i?S)-3-Amino-l-[(rer^-butylcarbonyl)- 
methyl]-2,3-dihydro-5-phenyl-l//-l,4-benzodiazepin-2- 
one (8a). The title compound was prepared from 12a by 
hydrogenolysis of the benzyl carbamate group in essentially 
quantitative yield as previously described:'^ 'H NMR (CDCI3, 
270 MHz) 6 7.60 (d, 2H, J = 8 Hz), 7.5-7.0 (m, 7H), 4.96 (d, 
IH, J= 17 Hz), 4.55 (m, 3H), 2.82 (br s, 2H), 1.18 (s, 9H) ppm. 

Resolution of 3-Amino-l-[( fert-butylcarbonyl)methyll- 
2,3-dihydro-5-phenyl-lf/-l,4-benzodiazepin-2-one (13a) 
by Resolution -Racemization Procedure. 13a was re- 
solved using minor modifications to the resolution-racemiza- 
tion procedure previously described."-^' Racemic 13a (7.7 g, 
22.95 mmol) was taken up in acetonitrile (20 mL) at -5 °C, 
and (S)-mandelic acid (3.44 g, 22.63 mmol) was added to the 
stirred solution, followed 30 min later by 3,5-dichlorosalical- 
dehyde (65 mg). After the mixture was stirred overnight at 
-5 °C, the resultant precipitate was collected by suction 
filtration, washed with small portions of cold acetonitrile and 
ether, and recrystallized from acetonitrile to give the (S)- 
mandelate salt of the (/?)-isomer title compound as a while 
solid (6.70 g, 59%). A portion of this solid (460 mg, 0.897 
mmol) was partitioned between CHCI3 and 0.5 M NaOH. The 
organic portion was washed with brine, filtered (Whatman 1 PS 
phase separator), and evaporated to provide the title compound 
as a colorless foam ('H NMR identical to racemate). The chiral 
integrity of the amine was examined by coupling to Boc-Phe- 
OH using water soluble carbodiimide/HOBT in DMF. Analyti- 
cal HPLC (Spherisorb C-18, 4.6 x 100 mm, 5 ^m column, 
linear gradient of 40-90% 0. l%TFA/acetonitrile in 0. 1%TFA/ 
water, flow rate 0.8 mL/min) of the crude product showed only 
a single diasteromer peak at 17.7 min, whereas the racemic 
amine produced a 1 : 1 mixture of diastereomers under the same 
conditions (retention times 17.4 and 17.7 min). 



General Procedures for the Preparation of S-Amino- 
l-[(tert-butylcarbonyl)methyl]-2,3-dihydro-l//-l,4-benzo- 
diazepin-2-one Urea Derivatives (14 or 15). Procedure 
A. Reaction of the Amine and the Pure Isocyanate. The 

required 3-amino-2,3-dihydro-l/Y-l,4-benzodiazepin-2-one (1 
mmol) was taken up in DCM (25 mL) at 0 °C. To this solution 
was added the pure isocyanate (1.02 mmol, either from 
commercial sources or prepared as described above), and 
stirring was continued at room temperature for 2 h. The 
solvent was evaporated in vacuo, and the crude product was 
purified by flash chromatography on silica. Compounds 14a, 
14c, 14d, 14h, 15a, 15d, and 15e were prepared using this 
general method. 

Procedure B. Reaction of the Amine and the Isocy- 
anate Prepared in Situ from the Benzoic Acid. To a 
solution of the requisite benzoic acid (3 mmol, either from 
commercial sources or prepared as described above) in toluene 
(5 mL) was added diphenyl phosphoazidate (825 mg, 3 mmol) 
and EtsN (303 mg, 3 mmol). The mixture was stirred at room 
temperature for 2 h, heated at reflux for 3 h, and cooled to 0 
°C, A solution of the required 3-amino-2,3-dihydro-l/y-l ,4- 
benzodiazepin-2-one (1 mmol) in toluene (5 mL) was added, 
and the mixture was stirred at room temperature overnight, 
then evaporated, taken up in EtOAc, washed with 5% KHCO3, 
H2O, and brine, filtered (Whatman IPS phase separator), and 
evaporated, and the crude product was purified by fiash 
chromatography on silica. Compounds 14e, 14i, 14j, 15f, 15g, 
and 15h were prepared using this general method. 

Specific Procedures for the Preparation of Urea 
Derivatives (14 or 15). N-[(3/?5)-l-[(fert-butylcarbonyl)- 
methyl]-2,3-dihydro-2-oxo-5-phenyl-lH-l,4-benzodiaz- 
epin3-yl]-Ar-(3-carboxyphenyl)urea (14b). (/?S)-13a (600 
mg, 1.72 mmol) was taken up in dry THF (8 mL) and EtaN 
-(Ov26-mLr-La-mmul) a nd the-solutlon cooled to 0-IC-, The 
mixture was treated with a solution of p-nitrophenyl chloro- 
formate (0.38 g. 1.9 mmol) in THF (4 mL), stirred at room 
temperature for 1 h, evaporated, and chromatographed (eiuant 
EtOAc/hexane, 60:40, v/v) to provide an off-white solid (670 
mg, 76%), The solid was taken up in DMF (10 mL) and 
/n-aminobenzoic acid (245 mg, 1.75 mmol) added. The mixture 
was stirred at 45 °C for 18 h. cooled, and evaporated, and the 
residue was chromatographed (eiuant EtOAc/hexane/AcOH, 
60:40:2 v/v/v). The title compound was isolated as a colorless 
solid by recrystallization from acetonitrile (328 mg, 49%). 

(3/^)-^^•Il-[(^er^-Butylca^bonyl)methyl]-2,3-dihydro-2- 
oxo-5-phenyl-l/M,4-benzodiazepin-3-yl]-A''-(3-aminophe- 
nyDurea (14f). 14e (700 mg, 1.37 mmol) was taken up in 
acetone (10 mL) and treated with 4 M HCl at room temper- 
ature for 62 h. The mixture was partially evaporated to 
remove the acetone and partitioned between DCM and 5% 
KHCO3. The organic portion was washed with brine, dried 
(MgSOn), and evaporated. The residue was chromatographed 
on silica (eiuant CHCh/MeOH/AcOH, 100:2:1, v/v/v), and the 
title compound was recrystallized from acetonitrile to provide 
a colorless solid (320 mg, 48%). 

(3i?)-Af-[l-[(^ert-Butylcarbonyl)methyl]-2,3-dihydro-2- 
oxo-5-phenyl-l//-l,4-benzodiazepin-3-yl]-A^-[3-(methyl- 
amino)phenyl]iu-ea (14g). (3/?)-/V-[l-[(tert-Butylcarbonyl)- 
methyl]-2,3-dihydro-2-oxo-5-phenyl- 1 H- 1 ,4-benzodiazepin-3- 
yl]-A/'-|3-(N-fonTiylmethylamino)phenyl]urea was prepared from 
(.R)-13a and 3-(/V-formylmethylamino)benzoic acid using gen- 
eral procedure B, and the product was partially purified by 
chromatography (eiuant 75% EtOAc in hexane; 960 mg, 65%). 
The residue was taken up in acetone (15 mL) and the stirring 
solution treated with 4 M HCl at room temperature for 3 days, 
The mixture was partially evaportated to remove acetone, and 
the residue was partitioned between 5% KHCO3 and DCM. 
The organic portion was washed with brine, filtered (Whatman 
IPS phase separator), and evaporated, and the crude product 
was purified by flash chromatography on silica (eiuant CHCI3/ 
MeOH/AcOH, 120:2:1, v/v/v). The title compound was isolated 
as a colorless solid by recrystallization from MeCN (400 mg, 
45%). 

(3i?)- Ar-[ l-[( ^er^Butylcarbonyl)methyl]-2,3-dihydro-2- 
oxo-5-(2-pyridyl)-l//-l,4-benzodiazepin-3-yl]-A/'-(3-ami- 

nophenyDurea (15b). (3y?)-yV-[l-[(tert-Butylcarbonyl)methyll- 
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2,3-dihydro-2-oxo-5-(2-pyridyl)-lW-l,4-benzodiazepin-3-yl]-A'- 
[3-|(fert-butyloxycarbonyl)aminolphenyl|urea was prepared 
from (/?)-13b (850 mg, 2.43 mmol) and 3-l(iert-butyloxycarbo- 
nyl)amino]benzoic acid (1.19 g, 5 mmol) using general proce- 
dure B. The crude urea was taken up in DCM (10 mL) and 
treated with TFA (30 mL) at room temperature for 30 min 
under nitrogen. The mixture was evaporated and azeotroped 
with CHCI3. The residue was partitioned between DCM and 
5% KHCO3, and the organic portion was washed with brine, 
dried (MgSO-t), and evaporated. The residue was chromato- 
graphed on silica (eluant 6% MeOH in EtOAc). The residue 
was taken up in 1:1 EtOAc/ether (40 mL) at -10 °C and 
treated dropwise with 4 M HCl in dioxane (0.5 mL). The 
mixture was stirred at -10 °C for 30 min, and the resultant 
precipitate was collected by filtration, washed with ether, and 
dried over NaOH to provide the hydrochloride salt of the title 
compound as a colorless solid (845 mg, 67%). 

(3/?)-N-Il-[(^erf-Butylcarbonyl)methyl]-2,3-dihydro-2- 
oxo-5-(2-pyrldyl)-lH-l,4-benzodiazepin-3-yl]-A/'-[3-(ine- 
thylamino)phenyl]urea (15c). 3-|A'-|(fert-Butyloxycarbonyl)- 
methyl|amino|phenyl isocyanate (19.30 g, 77.7 mmol) was 
added dropwise to a solution of {R]-\Sb (27.19 g, 77.6 mmol) 
in DCM (200 mL) below 20 "C, and the mixture was stirred at 
room temperature for 30 min and then evaporated. The 
residue was taken up in EtOAc (200 mL) and water (100 mL), 
concentrated HCl (120 mL) was then added dropwise to the 
mixture below 20 °C, and the mixture was stirred for 3 h. The 
aqueous phase was separated, added to DCM (500 mL), and 
then basified to pH 10 with 20% NaOH while the temperature 
was maintained below 20 °C. The resultant organic portion 
was washed with brine (300 mL), and evaporated, and the 
residue was crystallized from ethanol. The resultant solid was 
recrystallized from ethanol (1.8 L) to provide the title coni- 
— poand=as-a-whtte-GFystalilne^^^s^^^^ 
246 °C. 

(3i?)- Af-[ l-[( fert-Butylcarbonyl)methyl]-2,3-dihydro-2- 
oxo-5-(2-pyridyl)-lH-l,4-benzodiazepin-3-yl]-Ar-[3-(di- 
methylamino)phenyl]urea Hydrochloride (15d-HCl). 15d 

(70 g, 136.6 mmol, prepared as described in general method 
A but not chromatographed) was taken up in ethanol (1 L), 
and 2.26 M HCl/ethanol (63.5 mL, 143.4 mmol) was added 
dropwise. The mixture was warmed to 50 °C to afford a clear 
solution, which was seeded, cooled to 0 °C, and stirred at the 
same temperature overnight. The resultant precipitate was 
collected by filtration to provide the title compound as a white 
crystalline solid (62.4 g, 82%), iiip 181-184 "C. 

Measurement of Binding Affinity for CCK-B/Gastrin 
Receptors. About 100 Sprague-Dawley (SO) rats were 
decapitated without anesthesia, the whole brain was im- 
mediately excised from each of the rats and homogenized in a 
10-fold volume of 0.32 M aqueous solution of sucrose by the 
use of a Teflon-coated homogenizer, the homogenate thus 
obtained was centrifuged for 10 min at 900^ by the use of a 
cooled centrifuge, and the supernatant was further centrifuged 
for 15 min at 1 1500g. The pellet thus obtained was dispersed 
in 50 mM Tris-HCl buffer (pH 7.4) containing 0.08% Triton 
X-100. This suspension was allowed to stand for 30 min and 
again centrifuged for 15 min at 1 1500g. The precipitate thus 
obtained was washed twice with 5 mM Tris-HCl buffer and 
twice with 50 mM Tris-HCl buffer in that order with centrifu- 
gal separation. The washed precipitate was suspended in 50 
mM Tris-HCl buffer, and the suspension thus obtained was 
stored at -80 °C until the membrane preparation was re- 
quired. For the assay the membrane preparations were 
warmed to room temperature, diluted with 10 mM HEPES 
buffer (containing 130 mM NaCl, 5 mM MgCh, 1 mM EDTA, 
and 0.25 mg/mL bacitracin; pH 6.5), incubated at 25 °C for 
120 min in the presence of ['"IIBH-CCK-S and the test 
compound (dissolved in DMSO), and then separated by suction 
filtration. Nonspecific binding was determined in the presence 
of 1 mM CCK-8. The amount of labeled ligand bound to the 
receptor was measured by the use of a y-counter. IC50 values 
were determined, being that concentration of test compound 
required to inhibit specific binding by 50%. 

Measurement of Binding Affinity for CCK-A Recep- 
tors. The pancreas of an SD rat was homogenized in a 20- 



fold volume of 50 mM Tris-HCl buffer (pH 7.7) by the use of a 
Polytrone-type homogeniser, the homogenate was twice cen- 
trifuged for 10 min at 50000gby the use of an ultracentrifuge, 
the pellet thus obtained was suspended in a 40-fold volume of 
50 mM Tris-HCl buffer (containing 0.2% BSA, 5 mM MgClz, 
0.1 mg/mL bacitracin and 5 mM DTT; pH 7.7), and the 
suspension was stored at -80 °C until the membrane prepara- 
tions were required. The membrane preparations were then 
warmed to room temperature, diluted 1:10 with the buffer, and 
incubated at 37 °C for 30 min in the presence of [3H1L-364, 
718, and the test compound was then separated by suction 
filtration. Nonspecific binding was determined in the presence 
of 1 mM L-364,718. Test compounds were dissolved in DMSO. 
The amount of labeled ligand bound to the receptor was 
measured by the use of a liquid scintillation counter; IC50 
values were determined, being that concentration of test 
compound required to inhibit specific binding by 50%. 

Measurement of Inhibition of Pentagastrin-Stimulat- 
ed Gastric Acid Secretion in Rats. A cannula was inserted 
into the trachea of a rat anesthetized with urethane (intrap- 
eritoneally administered, 1.25 g/kg), the abdominal wall was 
incised to expose the gastric and duodenal portions, and a 
polyethylene cannula was set in the anterior stomach after 
ligation of the cardia. The duodenum was then subjected to 
slight section, a polyethylene cannula was inserted from the 
incised portion toward the stomach, and the pylorus was 
ligated to fix the cannula. Physiological saline (with pH 
adjusted to 7.0) was perfused from the anterior stomach 
toward the pylorus at a rate of 3 mL/min, and the gastric acid 
secretion was measured by continuous titration of the perfu- 
sate by the use of a pH-stat (AUT-20!; Toa Electronics, Ltd.). 
The continuous titration was carried out by using 25 mM 
NaOH solution until the pH reached 7.0. and the result was 
.^xpFe83ed-a3-t-hc,amount.Df-g03tr4C:,QCid=socnctcdJo^ 
min (mequiv/10 min). Pentagastrin was intravenously ad- 
ministered at a rate of 15 mg/kg/h. The secretion of gastric 
acid increased upon administration of pentagastrin, reaching 
the maximum level after 60 min, after which time the level 
was stably maintained. A test drug was then intravenously 
administered, and the secretion of gastric acid was measured. 
ED50 values were determined for some examples, this being 
the amount of the drug required to reduce the amount of 
secreted gastric acid down to 50% of the maximum level. 

Measurement of Inhibition of Gastric Acid Secretion 
in Heideniiain Pouch Dogs. Male beagle dogs with Heiden- 
hoin pouch were used." One month after preparation of the 
pouch, secretory experiments were performed once a week in 
each animal throughout the course of the investigation. Dogs 
were deprived of food for 18 h prior to experiments but allowed 
free access to water. A polyethylene tube was intubated 
through the femoral vein to infuse pentagastrin at a rate of 8 
;Umol/kg/h. Test compounds were administered po or iv at 3 h 
after the start of pentagastrin infusion. Gastric juice was 
collected every 15 min and the volume measured. The acidity 
of the gastric juice was measured by automatic titration with 
0.05 N NaOH to pH 7.0. In the case of iv injection, test 
compounds were dissolved in DMF. 

Supporting Information Available: Spectroscopic data 
for test substances (1 page). Ordering information is given 
on any current masthead page. 
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